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ABSTRACT
Polyethylene (PE) is the highest volume commodity polymer. The largest volume
applications are flexible and rigid packaging. Key properties for packaging application
materials include barrier, mechanical, and thermal properties. Material, energy and capital
costs must be minimised, for economic and environmental reasons. For example, too little
material may create shrinkage or warpage in the final product, or too long cooling time will
decrease productivity. Hence the design and the manufacturing processing must be optimized
against constraints.
PE/clay nanocomposites have been studied extensively over the last two decades as
nanoclay improves many key packaging properties. Melt compounding is a popular technique
to produce nanocomposites because of the ready availability of equipment and its low
environmental impact. Many studies investigated PE nanocomposite properties in terms of
material variables (such as polymer and filler type, and filler and compatibiliser level).
However, only a limited number of studies have investigated the effects of processing
conditions. Most of these focused on extruders (with various types of extruder and screw
designs) as these are commonly used in PE compounding or applications. Very few have
investigated internal mixers, as these are not commonly used in industry. However, they have
key advantages in research work on a laboratory scale, as volumes are small, process
variables are independently controlled, and the rotors are easily changed.
This research explores the effect of processing conditions (temperature, rotor speed
and mixing time) on mechanical properties and morphology of high density PE (HDPE)/clay
nanocomposites prepared in a double-rotor internal batch mixer. The nanocomposite
formulation was  HDPE blow moulding grade (HD5148 MFI 0.83 g/10 mins from Qenos), 2
wt% organoclay (Cloisite 93A from Southern Clay Products),  5 wt% HDPE-g-ma
compatibiliser (Polybond® 3009 from Chemtura) and 0.1 wt% processing stabilisers (1:1
Songnox™ 1010 and Songnox™ 1680 from SunAce). Three different rotor designs (Roller,
Banbury, and Sigma) were trialled. A three level Box-Behnken experimental design was used
to produce samples at various process conditions for each rotor design for the one
nanocomposite formulation. Mechanical properties including modulus, strength and impact
were measured. Empirical models for secant modulus were developed and used to predict
optimum or best process settings for each rotor design. Morphology of samples was studied
XV
using Small Angle X-ray Scattering (SAXS), Scanning Electron Microscopy (SEM), and
Transmission Electron Microscopy (TEM). Mechanical properties, significant terms in the
empirical models, and morphology analyses were compared to identify the dominant
dispersion mechanism for each rotor design.
All three rotors improved nanocomposite modulus compared to natural PE, with
improvements ranging from 2 to 27%, with an average improvement of 15%. All rotors
produced similar ranges of improvement. Results for strength were quite different. Some
samples improved significantly with filler addition, while some deteriorated significantly.
Results ranged from a decrease of -10 (for the Sigma rotor) to an improvement of 9% (for the
Banbury rotor) with an average change of 2%.  The Banbury rotor had significantly better
results than the Roller or Sigma rotors. Impact strength decreased significantly for all rotors,
by an average of 70%. The Roller rotor had the worst results. These results are within
published ranges from other studies using both extruders and internal mixers.
There were also significant differences in modulus and strength between best and
worst samples for all rotors. This shows that both rotor and process conditions had significant
effects on mechanical properties. An optimum set of process conditions to maximize modulus
was identified for the Roller rotor (close to the mid-point), but not for the other two rotors.
This suggests the optimums for the other two rotors were outside the experimental range of
process conditions. Best conditions for the Banbury and Sigma rotors were identified as the
boundary conditions. These settings were low, high, low settings for the Banbury, and low,
low, high for the Sigma rotor. The effect of variables, and the optimum or best conditions,
depended on the rotor type.
The morphology results showed a hybrid composite structure, with some exfoliation,
some intercalation, as well as some microstructure (agglomerates).  There was a weak
correlation between better mechanical properties and morphology with more exfoliation and
thinner intercalated particles. The Banbury had the most exfoliated or thin intercalated
particles.
There are two main mechanisms for dispersion of filler in melt mixing. Shear forces
break the platey filler into thinner particles, and diffusion causes polymer to enter the clay
galleries, leading to gallery expansion and delamination. The dependence of optimum process
conditions on rotor type suggests there is a different interplay of dispersion mechanisms for
each rotor. The data sets from different analyses were compared to draw conclusions about
the dispersion mechanisms present or dominant for each rotor.
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The modulus was a maximum at high torque for the Roller and Banbury rotors
(indicating high shear), and medium torque for the Sigma rotor (indicating medium shear).
The statistical analysis of DoE data showed that shear was dominant in the Roller rotor, while
both shear and diffusion were present in the Banbury but shear was dominant, and
conversely, diffusion was more dominant for the Sigma samples. The Response optimizer
analysis showed the optimum or best conditions to achieve the highest modulus were medium
shear and diffusion for the Roller, high shear and low diffusion for the Banbury, and low
shear and high diffusion for the Sigma roller. While there is some disagreement between the
data sets, overall it appears that shear is the dominant mechanisms in the Roller and Banbury
rotor samples, and diffusion is dominant in the Sigma rotor samples.
Overall the Banbury rotor is recommended as the best rotor, as it produced similar
impact and better modulus and strength than the other rotors.  Its best process conditions were
at low temperatures and short mixing times. This would be attractive commercially as energy
costs would be lower and productivity higher, generating both economic and environmental
benefits.
In conclusion, an internal mixer is a useful laboratory scale equipment to evaluate the
sensitivity of a nanocomposite to process variables and equipment design and to estimate the
maximum properties that can be achieved.
1CHAPTER 1 INTRODUCTION
1.1. Background
Consumption of major plastic globally is dominated by polyolefin. Demand for
polyethylene (PE) and polypropylene (PP) was almost 50% of total consumption in Europe in
2011 [1]. In 2000, the consumption of PE was more than 80 billion pounds globally [2]. PE
was projected to maintain its number one position, followed by PP between 2005 to 2025 [3].
Figure 1.1 Plastics demand by resins in Europe, 2011 [1]
2Figure 1.2 The projection of global polymer demand 2005-2025 [3]
The major application of PE, at about 50% of volume, is packaging. This is both
flexible and rigid, used for food, pharmaceuticals, dairy, and juice [1]. The PE used for
flexible packaging is low density PE (LDPE) because of its characteristics, while most of the
rigid packaging uses high density PE (HDPE) due to its higher stiffness.
The challenges in packaging materials are related to product qualities such as barrier,
mechanical, and thermal properties. Barrier property is essential in food packaging because it
increases the shelf life by blocking transmission of oxygen, water vapour, carbon dioxide,
and flavor compounds [4], while mechanical and thermal properties are needed in storage,
handling, and transportation. In addition, for economic and environment reasons, there is
requirement for rigid plastic packaging to use the least amount of material by optimising the
design and processing [5]. One limit is that reducing material may create shrinkage or
warpage in the final product. Although problems may be solved by modifying the processing
conditions like cooling time, this strategy will decrease productivity if a longer cycle time is
needed.
3Many previous studies have sought to improve properties by adding fillers.
Nanofillers offer improvements over conventional filler as they work at very low filler levels.
Clay is a nanofiller that can be used to improve properties in PE. A very low level of
nanoclay may improve mechanical properties [6-12], thermal properties [6, 13], and barrier
properties [14-16] significantly. This suggests that nanoclay may be used to solve some of the
problems in packaging discussed above. However, mixing of PE and clay to produce a
nanocomposite is very challenging due to polarity differences as well as the nature of clay
which tends to agglomerate. Many studies have shown that the addition of compatibiliser
disperses the clay and improves matrix-filler interaction [6, 17-25], but it is still difficult to
obtain a fully exfoliated nano structure.
To date, nanocomposites are prepared commercially by four different methods,
namely in-situ polymerization, intercalation from solution, direct intercalation or melt
compounding, and sol/gel technology [26, 27].  Melt compounding is the most popular
method as it is environmentally friendly and the necessary equipment available in industry.
Melt compounding has been extensively studied, in particular, effect of processing
parameters. Many studies found that type of equipment such as type of extruder [28] and high
shear rate equipment [29], screw design [25, 28, 30, 31], sequence process [17, 22, 32], and
parameter settings [25, 28, 33, 34] influence nanocomposite morphology. However, most are
limited to the effect of equipment and processing conditions on extrusion. A comparative
study on effect of internal mixer rotor types on preparation of HDPE/clay nanocomposites
has not been done. It would be useful to understand how to optimise the mixing conditions so
that the exfoliation or intercalation of nano particles in the polymer matrix may be achieved
to improve final properties.
Several techniques can be used to analyse nanofiller morphology in a polymer matrix.
Transmission electron microscopy (TEM), scanning electron microscopy (SEM), and X-ray
diffraction (XRD) either small-angle (SAXS) or wide-angle x-ray scattering (WAXS) are
commonly used. A combination of these methods allows comprehensive conclusions to be
drawn [25, 28, 35]. However, these techniques look at small volumes only, so bulk
mechanical properties are usually measured to increase confidence in the conclusions [24].
Experimental design is a tool that has been widely used in many areas to optimise processes.
In the field of nanocomposites, the tool has been used to study the effect filler size [36, 37],
injection moulding process parameters [36], asphalt binder composition [38], thermoset
materials [39-41], Polylactide (PLA)/Montmorillonite (MMT) nanocomposites [33], and PE-
4based nanocomposites prepared by slurry-fed melt intercalation [42]. This tool is used to
predict both optimum both processing conditions and material mixtures.
This research explores the effects of mixing conditions on HDPE/clay
nanocomposites prepared in an internal mixer. Three different rotors were used for
comparison. Samples were produced according to an Experimental Design (DoE). The effect
of temperature, mixing speed (rpm), mixing time, and their interactions on mechanical
properties are discussed. Optimum settings are predicted according to regression analysis.
The morphology samples are analysed using TEM, SAXS, and SEM.
1.2. Research Objectives
This research aims to define the optimum processing conditions for each rotor type to
produce HDPE/clay nanocomposites. In addition, it aims to identify the “best” rotor for
producing HDPE/clay nanocomposites.
1.3. Research Questions
The gap in current knowledge on the effect of mixing on nanocomposite morphology
and properties is addressed with the following research questions.
1. What are the mechanical properties of HDPE/clay nanocomposite prepared by
different processing conditions?
2. What are the mechanical properties of HDPE/clay nanocomposites prepared using
three different rotors, namely Roller, Banbury, and Sigma rotors in an internal mixer?
3. What is the influence of processing conditions on mechanical properties of HDPE/clay
nanocomposites?
4. What are the optimum processing conditions to improve modulus for each rotor type?
5. What is in the influence of processing condition and rotor type on the morphology of
HDPE/clay nanocomposites?
6. What are the correlations between processing conditions and the morphology of
HDPE/clay nanocomposites?
7. Which dispersion mechanisms achieve the best mechanical properties in HDPE/clay
nanocomposites produced with an internal mixer?
5CHAPTER 2 LITERATURE REVIEW
2.1. Introduction
Many studies have been published on materials and techniques used in the
nanocomposites area. There are now many areas of agreement, but disagreement remains in
terms of processing effects and mechanisms and optimum filler loading. This chapter will
review literature related to materials used in nanocomposites, their preparation,
characterization, and properties. In addition, it will also discuss experimental design.
2.2. Materials Used in Nanocomposites
2.2.1. High Density Polyethylene (HDPE)
HDPE is a member of the PE family. It has short branches that give stronger
intermolecular bonds and higher tensile strength than LDPE. It is a semi crystalline polymer
with density ranging from 0.94 to 0.97 g/cm3 [2, 43]. HDPE properties are controlled by the
fraction of its crystalline and non-crystalline components as well as crystal structure. It is
commonly produced from reaction between ethylene and alkyl chain with Ziegler-Natta
catalyst [2]. PE polymerization with Ziegler-Natta catalyst is illustrated in Figure 2.1.
The HDPE molecular structure permits the development of highly crystalline
materials with high stiffness and low permeability compared to other PE [2]. These properties
make it suitable for large rigid container applications for liquid chemicals. In addition, low
permeability, corrosion resistance, and stiffness make it suitable for construction material
such as water, sewer, and natural gas pipe.
However, some properties such as high thermal expansion, low weather resistance,
stress cracking, flammability, and being difficult to bond limit the use of HDPE in some
applications. For example, high thermal expansion and low weather resistance mean HDPE is
not suitable for automotive parts with direct sun exposure such as the dashboard. Some
products which may experience stress cracking such as pipes need to be inspected routinely.
Pipes need to be bonded on site at installation, so specific technique and skill are needed to
overcome its resistance to bonding. Fillers can be used to improve these properties.
6Figure 2.1 Polyethylene polymerization with Ziegler-Natta catalyst [2]
Another attractive feature of HDPE is that it can be converted using many different
types of processing equipment, such as extrusion, injection moulding, blow moulding, and
mixers to produce desired products. HDPE is typically processed within a temperature range
from 180 to 230 °C, limited by the need to melt the polymer and avoid degradation. This is
around 50 to 100 °C higher than the HDPE melting point at around 125 to 140 °C [2, 6, 44,
45]. The major problems in HDPE conversion are shrinkage and warpage [2]. These
problems are due to variability in crystal growth in different areas, and are especially
noticeable in large products. One approach to reduce product reject rate is increasing cooling
time. However, cycle time or production rate will decrease, thereby adding more cost. More
research and development is needed to overcome these problems.
2.2.2. Clay as Reinforcement in Polymer Nanocomposite
In general, polymer nanocomposite is defined as a combination between polymer and
fillers/additives that have at least one dimension in the nanometer range (< 100 nm) [46]. The
7key to exceptional polymer nanocomposite properties is dispersion of the nano particles in
the polymer matrix. When particles are very well dispersed, remarkable properties
improvements are obtained due to more extensive interfacial interaction between polymer
and nano particles than in a conventional micro composite [47]. Clay is a common
reinforcement in polymer nanocomposites that belongs to the layered silicate family.
2.2.2.1. Structure of Layered Silicate
Layered silicate is a type of nano particle that is commonly added to improve polymer
properties. The most commonly used type belongs to the family of 2:1 layered phillosilicates
[48, 49]. MMT, hectorite, and saponite are the most popular layered silicates. The structure
consists of two tetrahedrally coordinated silicon (Si) atoms fused to an edge-shared
octahedral sheet of aluminium (Al), magnesium (Mg), or iron (Fe) hydroxide [50]. The
polymer matrix reacts more intensively with the tetrahedral structure than the octahedral
structure because of negative charges located on the layered silicate surface. The layer
thickness is around 1 nm and length is 30 nm to several microns length, giving it a very high
aspect ratio. Figure 2.2 and Table 2.1 present the structure and characteristics of commonly
used layered silicates.
Figure 2.2 Structure of layered silicate [48]
8Table 2.1 Characteristic parameters of commonly used 2:1 phyllosilicates [49]
2:1 phyllosilicates Chemical formula CEC (meq/100g) Particle length (nm)
MMT Mx(Al4-xMgx)Si8O20(OH)4 110 100 – 150
Hectorite Mx(Mg6-xLix)Si8O20(OH)4 120 200 – 300
Saponite Mx(Mg6(Si8-xAlx) Si8O20(OH)4 86.8 50 – 60
* M, monovalent cation; x, degree of isomorphous substitution (between 0.5 and 1.3)
2.2.2.2. Structure of Organically Modified Layered Silicate (OMLS)
Because of the hydrate Na+ or K+ ions, in their pristine state layered silicates are only
miscible with hydrophilic polymers [49], such as poly(ethylene oxide) (PEO) [51-53], or
poly(vinyl alcohol) (PVA) [54].  To enable mixing between a wider range of polymers and
layer silicates, the filler’s hydrophilic surfaces must be changed to organophilic. This can be
done by an ion exchange reaction with a cationic surfactant including alkylammonium or
alkylphosponium. The surfactant may reduce layered silicate surface energy, improve wetting
polymer characteristic, or provide functional groups that can react with polymers [49].
One study used FTIR analysis to show that the structure of layered silicates can vary
from liquid-like to solid-like alkyl chains [55]. As the interlayer density or chain length
decreases, the liquid-like structure dominates more than solid-like due to the relatively small
energy difference between trans and gauche conformers. Conversely, with longer alkyl
chains, the treated layered silicate exhibits a thermal transition similar to a melting process.
2.2.2.3. Polymer Layered silicate Nanocomposite Structures
Simple mixing of polymer and layered silicates is not guaranteed to produce
nanocomposites [26, 49]. This is especially relevant in immiscible systems. The polymer
failure to intercalate between layered silicates will produce a phase-separated composite,
whose properties are similar to a conventional composite. If the polymer is able to intercalate
the layered silicates, nanocomposite structures of either intercalated or exfoliated morphology
can be obtained depending on the processing method, the nature of materials (layered
silicates, organic cation and polymer matrix) [48, 56] and interfacial bonding strength
between polymer and layered silicate [49]. Figure 2.3 illustrates the possible polymer and
layered silicate interaction.
9Figure 2.3 Possible polymer-layered silicate interaction: (a) Phase separated micro
composite, (b) Intercalated nanocomposite, (c) Exfoliated nanocomposite [48]
Intercalated nanocomposites: in general, an intercalated nanocomposite is produced when the
polymer is able to diffuse and fill the gallery spacing between the silicate layers. This
insertion leads to an increase of interlayer distance in the range of 1 – 4 nm [26, 28, 49]. This
creates well ordered multi-layered structures of alternating polymeric and inorganic layers,
with a regular distance between them [26].
Exfoliated nanocomposites: in exfoliated or delaminated nanocomposites, completely
dispersed and fully separated layers of silicate are obtained. Typically, the content of layered
silicates in exfoliated nanocomposites is less than that of intercalated nanocomposites. In this
type of structure, the inter-gallery distance is relatively large (i.e. more than 80 Å) [28],
which is too large to be detected by WAXS [57].
It is generally accepted that the exfoliated configuration is more desirable than
intercalated because it improves polymer-filler interaction more by maximizing the contact
area. This leads to better mechanical properties because of the higher aspect ratio [21, 24,
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58]. However, it is not easy to produce a fully exfoliated structure. The most commonly
reported structures are intercalated or a combination of intercalated and exfoliated [59].
2.2.3. Compatibiliser Materials
Compatibilisers are chemical compounds added as interfacial agents between two
immiscible components through wetting, dispersion, and adhesion [60-62]. The interaction
process is influenced by contact angle, surface and interfacial tension, substrate critical
surface tension, polarity, surface contamination, irregularities and flaws at the interface, and
resin and additives molecular arrangements at phase boundaries.
Various compatibilisers have been developed in order to improve the structure and
desired dispersion of inorganic materials in polymers. Commonly used compatibilisers are
silane [45, 63-67], maleic anhydride [7-12, 17, 19, 22-25, 68-74], ethylene propylene diene
monomer rubber (EPDM) [75], ethylene vinyl acetate (EVA) [15, 16, 37, 76, 77], and
ionomeric materials [78]. Among various compatibiliser types, maleic anhydride based
compatibilisers are the most popular for polymer nanocomposites. The effects of maleic
anhydride based compatibiliser and its ratio to clay amount on polyethylene/clay
nanocomposites properties will be discussed later in this chapter.
2.2.4. Antioxidant as a Processing Stabilizers
Thermal and mechanical exposure may degrade the polymer matrix by hydrogen
extraction, chain scission, or cross-linking, resulting in colour change and molecular weight
change [79-81]. These problems may be inhibited by addition of a small amount of
processing stabilizer or antioxidant to enhance final product properties. Stabilizers may also
contribute to better dispersion of filler materials and improvement of final properties [6].
In general, processing stabilizers work by supplying hydrogen (radical scavengers),
which reacts with peroxy radicals to form hydroperoxides. This process prevents hydrogen
abstraction from the polymer backbone at least until the externally added hydrogen is fully
consumed by free radicals (ka >> k3 and ka >> kct). Figure 2.4 illustrates the scheme stabilizer
reaction with peroxy radicals.
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ROO· + RH  ROOH  +  R· (a)
ROO· + lnH  ROOH  +  ln· (b)
ln· + RH  lnH  +  R· (c)
Figure 2.4 Inhibition reactions involving H-donors [82]
2.3. Nanocomposite Preparation through Melt Compounding
Nanocomposites are commonly prepared using four techniques, namely in-situ
polymerization, polymer intercalation through solution, direct melt-compounding, and sol-gel
technology [26, 48]. Generally, in in-situ polymerization, monomers are adsorbed into the
interlayer galleries and then polymerized. The solution based nanocomposite process requires
adequate solvent to disperse layered silicates. Once layered silicates are dispersed in solvent,
polymer is added to intercalate the layers. The process is then finalized by removing the
solvent using either vaporization or precipitation. The limitations of these techniques are that
suitable solutions are not possible for all polymers and are impracticable in industry. In direct
melt-compounding, clay interlayer galleries are penetrated by molten polymer. Lastly, in sol-
gel technology, hydrothermal treatment of a gel containing organics and organometallics
leads to direct crystallization of the silicate clays. This route promotes high dispersion of
layered silicates without requiring onium ion [26].
From the available techniques, direct melt-compounding is the most popular
commercially because it’s environmentally friendly, simpler than other techniques, and
requires less capital investment [26, 27]. In this technique, several conditions such as
temperature, mixing time, mixing speed, and rotor or screw design enhance final product
properties. However, each parameter may have an individual effect or/and complex
interactions with other factors, so optimisation is required [33, 83].
Processing temperature is one important factor that should be set in the optimum
range in order to produce better mixing. Processing temperature should be as low as possible,
except for low melt flow index (MFI) polymers, which should be processed at the highest
temperature without degrading the polymer [84]. Processing temperature influences melt
temperature, cooling rate and thermal history. It also influences the final product
morphology, molecular orientation and crystallization in polymers like PE because it affects
the number of nuclei, the thickness of lamellae, the size of spherulites, and degree of
crystallinity [85].
k3
ka
kct
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Residence time is another important factor that influences nanocomposite morphology
and properties because of its effect on particle dispersion and polymer diffusion. Some
studies have reported that a screw with long residence time improves exfoliation of nano
particles in a polymer matrix [25, 28]. The better dispersion of nanocomposites was attributed
to more polymer diffusion into nano particle galleries [28]. It suggests the longer the time for
diffusion, the better the final properties. One study also reported that at high shear conditions,
the morphology was intercalated at short residence times and exfoliated at longer times in a
twin screw extruder [86].
However, residence time cannot be controlled in an extruder due to its dependence on
screw rotation. When screw speed increases, residence time decreases, and in addition, shear
stress increases. One study reported that at higher screw speed, clay platelets were better
dispersed, which was attributed to an increase in shear thinning behaviour of the polymer
[87]. Another study reported that shear stress had a more significant effect on exfoliation and
delamination of nano particles than residence time, attributed to shear stress being the
controlling factor instead of residence time [73]. An advantage of an internal mixer is that
residence time is a directly controllable factor, independent of rotation, so exfoliation may be
achieved both through diffusion and shear stress.
Screw rotation is the third important factor that affects the level of exfoliation in
nanoclay composites. Low screw rotation may fail to break up the clay platelets sufficiently.
High screw speed can generate the high shear stress needed to break up the clay effectively
[88-90]. However, this condition may also degrade the polymer matrix by a scissoring
mechanism [91], due to the increase of viscous heating at higher screw rotation. Moreover,
higher screw rotation decreases residence time (in extruders) and hence reduces the
probability of polymer diffusion into the clay galleries.
The contribution of screw design to nanocomposite morphology and properties is
known to be important, but studies report inconsistent findings [25, 28, 30, 31]. One study
reported that a ‘low shear’ screw with fewer mixing elements was the most efficient at
exfoliating nanoclay in a polymer matrix [31]. Another reported that the best delamination
and dispersion of nanoclay in a polymer matrix was not produced by a shear intensity screw
configuration, but by a screw configuration with medium shear intensity, such as a twin
screw extruder with non-intermeshing screws [28]. Another found better dispersion using an
intensive dispersive mixing screw with high residence time than using a screw with
distributive mixing [25].
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In an internal batch mixer, the rotors are also designed for different purposes. Shear
stress is generated due to the flow of molten material in between the rotor or rotor tip and
chamber wall [92]. The Roller rotor is commonly used for processing thermoplastics, and for
testing viscous properties, crosslinking reactions, and shear/thermal stress analysis. The
Banbury rotor is commonly used for processing elastomers and compounding. The Sigma
rotor is commonly used for testing and processing low shear materials, such as food, powder,
and flours [93]. Shear rates and stresses range from low to high for the Sigma and “Trilobe”
rotors, respectively [94].
Fill factor is another critical factor in an internal batch mixer that contributes to final
product properties by influencing generated torsion and viscosity [95]. The suggested
optimum fill factor in an internal mixer using Banbury rotor is 60% to 80% [96]. One study
found the optimum fill factor in an internal mixer using tangential rotor was at 70% [97].
Another study found chaotic mixing produces better dispersion than conventional
mixers. In chaotic mixing, a region of fluid is stretched and folded before being returned to its
previous location [98]. Nanocomposite samples made with chaotic mixing had better
dispersion than those produced with a high shear intensity screw or strong distributive mixing
screw with additional turbine mixing elements [30].
2.4. Nanocomposite Characterization Techniques
Many techniques are used to characterize nanocomposites. This section focuses on
those used in this study.
2.4.1. Mechanical Properties
The method commonly used for measuring mechanical properties of nanocomposites
is tensile testing. This measures properties including tensile modulus, strength, and
elongation. There are many standards for tensile testing, of which ASTM International
Standards are the most commonly used. The correct method depends on the material. For
example, ASTM D638 is for plastic materials, ASTM D882 is used specifically for thin films
and ASTM D412 for rubbers.
Modulus is the material property that represents stiffness. It is measured on the first
(linear) section of the tensile test where the material behaviour is elastic, that is, capable of
returning to its original position after the load is removed [99]. Modulus may be calculated by
various methods, such as Young’s (or elastic) modulus [9, 21, 64, 100-104], secant modulus
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[12, 105-108], and chord modulus [109-112]. All are calculated with reference to a gauge
length [99].
Other mechanical properties commonly tested to evaluate nanocomposite materials
are tensile strength and elongation. These properties can be used to infer stress
concentrations, due to the presence of microstructures such as agglomerates or a weak region
in the sample caused by impurities or degraded material. Both properties can be evaluated at
break as well as at certain conditions such as at yield or at a particular strain. However, for
some highly extensible materials such as PE, tensile strength and elongation at break might
not be measurable because of instrument limitations [24].
While tensile tests are the most popular choice, some researchers also reported impact
[10, 24, 73, 113] and flexural tests [75, 114-116] depending on the final product application.
Similar to tensile strength, impact strength provides information on the maximum energy
absorption as well as stress concentration. By analysing the fracture surface, it may also be
used to evaluate the particle size causing the stress concentration. Flexural tests measure
flexural modulus, strength, and deflection during a three-point bend test.
Mechanical test results depend on sample preparation and conditioning [99, 117-119].
Samples may be moulded by either compression or injection moulding. One difference
between these methods is that injection moulded samples would have more complex filler
orientation than compression moulded ones. Sample conditioning is needed to bring samples
to equilibrium [120]. Conditioning time depends on specimen thickness. Conditioning for
tensile, flexural and impact samples are generally done for a minimum of 40 hours at room
temperature (23 °C, 50% relative humidity) for specimens with thickness less than 7 mm
[120]. In PE, this conditioning time also reduces data variation due to crystallinity, which
increases over time [44, 121-123].
2.4.2. X-ray Diffraction
In order to characterize nanocomposites morphology, X-ray diffraction (XRD),
especially wide-angle X-ray diffraction (WAXD), is the most popular method, due to its test
simplicity and availability of equipment [49]. Small angle x-ray scattering (SAXS) is also
used as it provides information in the area of most interest [124, 125]. However, the absence
of expertise and the scarcity of SAXS instruments are the reasons why this technique has not
been widely applied [57]. It was used in this study as it provides a better opportunity to
characterize nanocomposite morphology accurately.
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In XRD, nanocomposite structure is examined by using Bragg’s law. The distance
between two structural layered silicates is calculated using Equation 2.1.
Sin θ = nλ / 2d Equation 2.1
where θ is the measured diffraction angle, λ is the X-ray radiation wavelength, and d is the
atomic plane distance in the crystalline phase or repeat distance between silicate layers. The
structure of composite is inferred from the XRD peaks. In order to identify the
nanocomposite structure (exfoliated or intercalated), the peak position, shape, and basal
reflection intensity should be monitored [88]. There is no change in XRD peaks in
conventional micro composites. The peaks move to lower angles for intercalated, and
disappear completely, in exfoliated nanocomposites.
Several authors caution that the XRD results should be interpreted with care [26, 57,
126]. Many factors influence results including concentration, filler alignment, surface
roughness, and sample thickness. Hence interpretation of XRD peaks may be misleading.
Moreover, XRD peaks do not reflect the whole complexity of the structure, especially the
state of dispersion of exfoliated nano or micro structures [25, 35, 70]. The peak width
depended on XRD intensity: the peaks broadened as the intensity decreased [26]. The
absence of a peak does not always signify an exfoliated structure, but can be influenced by
factors such as sensitivity, scanning time and tactoid orientation [57]. A second method
should always be used to confirm exfoliation.
2.4.3. Transmission Electron Microscopy
Transmission electron microscopy (TEM) is a microscopy technique often used to
complement XRD to provide spatial information about nanofiller dispersion and distribution
[124, 127]. However, TEM may be unrepresentative of the bulk material, due to its very
small sample size [25, 128]. Hence sufficient images must be taken to allow an accurate
estimation of morphology.
Ultramicrotomy is the popular method for preparing TEM specimens for PE/clay
nanocomposites [10, 17, 19, 20, 22-25, 71, 129, 130]. Due to the low glass transition
temperature of PE, this technique must be done at a very low temperature (less than -70 °C).
Liquid nitrogen is used to cool the sample to avoid sample wrinkling and rolling.
TEM instrument settings also contribute to quality of the images. A high accelerating
voltage (more than 120 keV) is usually used to produce good quality pictures with high
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magnification [23, 24, 130-132]. At high voltage, the electrons can penetrate thicker
specimens more easily. However, this method should be used carefully because it might melt
the polymer.
Analysis of TEM images must also be undertaken carefully. For example, some
authors claim exfoliation while publishing only low magnification images (200 nm scale bar)
[17, 68, 133], while in general higher magnification is used (50 nm scale bar) [20, 23, 131,
134]. In conclusion, multiple and very clear TEM images at high magnification are needed to
confirm that an exfoliated structure has been obtained.
The key limitation of the TEM technique is the fact that the specimens used are very
tiny and unrepresentative of the bulk, so multiple specimens must be imaged to represent the
whole sample [27, 49]. Some quantitative approaches have been developed to overcome this
limitation. Some studies calculated the number of layers given the platelet thickness [135,
136]. One study inferred nano particle dispersion by measuring inter particle distance [17]. In
addition, particles length and thickness are measured to calculate aspect ratio [24, 58].
However, these characterizations neglect particle distribution [137]. A combination of these
techniques may be best to analyse differences between images.
2.4.4. Scanning Electron Microscopy
Scanning electron microscopy (SEM) is used to study material morphology from
macroscale to nanoscale for almost any sample type: powders, films, pellets, conducting,
non-conducting, “dirty”, and even wet samples [138]. SEM is commonly used to observe
sample surfaces because the electrons used in this equipment produce topographic images
with small resolution [139]. It is useful in hybrid composites to analyse the morphology of
fracture surfaces due to the present of microstructures (such as agglomerates), which may
cause stress concentrations. However, there are limits on SEM spatial resolution, namely
electron probe diameter, the size and shape of beam, and detection signal [140]. Hence,
exfoliation of clay cannot be observed on an SEM instrument.
2.4.5. Other Nanocomposite Characterization Techniques
Other characterization techniques commonly used to analyse the dispersion of nano
particles are rheology [20, 35, 70, 78, 87, 134, 141-145], thermal properties [134, 146-148],
and barrier properties [14-16]. In rheology, the state of filler dispersion is observed by
analysing the change in melt elasticity, G´ [35]. In thermal and barrier properties, exfoliation
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is signified by improvement of thermal stability and lower oxygen transfer rate. These were
beyond the scope of this study.
2.5. Study on Polyethylene Nanocomposite Mechanical and Morphology Properties
2.5.1. Effects of Matrix Characteristics
The character of PE contributes significantly to PE nanocomposite properties. PE
molecular weight contributes to both strength and stiffness. One study reported the
improvements on strength and stiffness in HDPE nanocomposites, especially in those with
high molecular weight matrix, despite absence of exfoliation [7]. Another reported higher
stiffness improvement with higher molecular weight [49]. This was attributed to a higher
degree of crystallinity in their high molecular weight samples.
2.5.2. Effects of Processing and Nanoclay on Mechanical and Morphology Properties
Many studies report improvements in mechanical properties of PE nanocomposites.
The main reason for improvement in modulus and tensile strength is enhanced interaction
between filler and polymer matrix through hydrogen bonding [49]. While crystallinity may
increase modulus and strength [102], some studies reported higher modulus and strength
despite lower crystallinity in PE clay nanocomposites [6, 45]. The measurement of
crystallinity is beyond the scope of this research. Low shear yielding strength has been
attributed to poor interfacial bonding [10, 12].
However, there are some differences between studies. Different morphologies might
be caused by complex interactions between mechanisms such as shear, diffusion, and
degradation, which might be different in different equipment. In a shear dominated process,
exfoliation of layered silicates starts from the clay surface. In contrast, in a diffusion
dominated process, delamination comes from gallery expansion. After degradation, it may
come from either surfactant or matrix degradation. Surfactant degradation leads to a decrease
of the clay gallery distance, while matrix degradation reduces molecular weight. In many
processes all three mechanism work simultaneously. In addition, differences between studies
may be due to measurement, sample preparation and different techniques [26, 57, 126].
2.5.2.1. Effects of Equipment on Mechanical Properties
Many studies report that equipment type contributes to modulus improvement in
PE/clay nanocomposites. Table 2.2 summarizes the equipment used in these studies and the
conditions of use. The Table shows that twin screw extruders (TSE) are the most popular
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equipment for producing these composites. Some studies showed TSE improve modulus by
14% [149] to 110% [74], while single screw extruders (SSE) increase modulus to a lesser
extent, from 33% [7] to 80% [71]. In comparison, internal mixers improve modulus from
39% [83] to 49% [23], less than both extruder types. The large improvements in samples
prepared with TSE were attributed to more intense dispersive mixing with this equipment, as
SSE has distributive rather than dispersive mixing. An interesting finding was that once
nanoclay was well dispersed and distributed in the polymer matrix, the equipment did not
have a significant influence on modulus improvement [68].
The modulus improvements discussed above were produced by applying different
processing conditions. Various studies used various set temperature points, namely 150 °C
[22, 72, 150], 170 °C [66, 67, 134], and 180 °C [23, 131]. Other studies used a range of
temperatures, such as from 130 °C to 190 °C on SSE [7, 68], and from 120 °C to 205 °C on
TSE [12, 17, 19, 24, 25, 68, 71]. Some studies set the extruder screw rotation less than 100
rpm [7, 19, 68], others more than 200 rpm [12, 17, 24, 25, 149].The residence time was not
controlled as it depends on screw rotation and screw design.
On the other hand, residence time can be controlled in mixers in addition to
temperature and rotor rotation. The conditions are also summarized in Table 2.2 for the
studies using internal mixers. The table shows a wide range of conditions were used, with no
consensus or optimum for any variable. The mixer studies generally used only one set
temperature point, within the range 150 °C to 180°C, except for one study that used a range
of 150 °C to 170°C [83]. They generally used only one set of rotor rotation, within the range
30 to 70 rpm, except for one study that used a range of 30 to 70 rpm [83]. They also
generally used only one set of mixing time, but the range of mixing times was very wide,
from 4 to 22 mins, with a median of 10 mins [131]. Two studies covered a wide range of
mixing times, namely 4-12 mins [83] and 10 – 22 mins [131]. Some used preheating, such as
30 rpm for 3 minutes [22, 72] or 60 rpm for 20 minutes [134]. Unfortunately, most of the
studies do not explain how the set processing conditions were chosen, and why preheating
was used.
The set temperature in a mixer is generally lower than in an extruder as mixing time
in a mixer is longer than in an extruder, which might lead to material degradation. The
different set conditions in the many studies of both extruders and mixers suggest that there is
no consensus on the optimum processing conditions for PE nanocomposites.
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Table 2.2 Equipment and conditions used in PE nanocomposite studies
TSE SSE Mixer T (°C) rpm time (min) References
V 185-200 250 N/A [17]
V 180 70 10-22 [131]
V V 130-190 50, 100 N/A [68]
V 130-190 20 N/A [7]
V 120-180 250 “100 sec” [19]
V 150 60 10 [22]
V 180 50 10 [23]
V 150-155 No info 15 [150]
V 170 30 9 [66]
V 170 30 9 [67]
V V 180 No info N/A [71]
V 150 60 10 [72]
V 150-170 30-70 4-12 [83]
V 170 60 20 [134]
V 180-205 200 N/A [149]
V 200-205 280 N/A [24]
V 170-190 200 N/A [25]
V 150-190 200 N/A [12]
Very few studies have evaluated optimum processing conditions in PE
nanocomposites. There is one study on the optimum processing conditions for PE
nanocomposites prepared using an internal mixer [83]. The study used a DoE. Temperature
was set from 150 °C to 170 °C, mixing time from 4 to 12 minutes, and rotor rotation from 30
to 70 rpm. The optimum conditions were found to be 160 °C, 50 rpm, and 8 minutes, for a 2
wt% nanocomposite. Unfortunately, they did not describe what rotor type was used. As
discussed above, different screw designs might produce different properties [25, 28, 30, 31].
No studies have reported on the effects of different internal mixer rotors type on PE
nanocomposites. Such a study could provide information about the best rotor for PE
nanocomposites, with potential commercial benefits.
Biaxial stretching is another processing route to improve PE/clay nanocomposites
properties. Abu-Zurayk and Harkin-Jones [17] reported that biaxial-stretching following
compounding improved modulus more than that of compression moulding or blown film.
This was attributed to a clay nucleating effect. They found that modulus improvement was
not influenced by crystallinity change, but by better clay structures. Low elongation at break
in compression moulded samples was attributed to stress concentration due to the presence of
large tactoids. High elongation at break in biaxial-stretched samples suggested that larger
tactoids were broken up into smaller particles more effectively.
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2.5.2.2. Effects of Nanoclay type and level on Mechanical Properties
The effect of nanoclay types and level on PE properties improvement has been
studied extensively. Studies show that the additional of a small amount of specific nanoclays
(at less than 10 wt% loading) improves PE properties significantly using a variety of
equipment. Table 2.3 summarizes some of the clay types and loadings used in the PE
nanocomposite studies.
Some studies used just one nanoclay, or compared the effect of nanoclay type on PE
properties. One of the most popular clay types used as filler in PE is Cloisite 20A [7, 12, 17,
24]. Two studies compared two different nanoclay types. One compared Cloisite Na+ and
Nanofill 3000 [149], while the other compared Nanobioter AE21 and Nanobioter D240B
(Kaolin) [25]. One study compared three different nanoclay types, namely Cloisite 15,
Cloisite Na+, and Nanofill 3000 [19]. Another compared four different nanoclay types,
namely Cloisite 25A, Cloisite 30B, Cloisite 93A, and Nanofill 5[71]. Another study
compared five different clay types with their own modification [129].
Many studies used just one clay loading, others compared the effect of loading on PE
properties. Studies that used just one loading selected the loading from within a wide range,
from 1 to 7 wt%, with the median value being 5 wt%. Four studies investigated ranges of
Cloisite 20A loading, across a very wide range of 2 to 32 wt% [22, 72]. Three studies
investigated ranges of Cloisite Na+ loading, from 1 to 7 wt% [19, 23, 149]. Two studies
investigated ranges of 1.31 Nanocor loading from 1 to 5 wt% [66, 67]. Another investigated a
narrow range of Nanocaliber 100A (Kaolin) loading from 1 to 3 wt% [83].
The different types and loadings of clay used in these studies suggest that there is no
consensus on type or loading of clay nanofiller in PE nanocomposites.
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Table 2.3 Filler type and loading in PE nanocomposite studies
Cloisite Nanofill Others References
15 20A 25A 30B 93A Na+ 5 3000
5 [17]
2.5 [68]
2 – 6 [131]
2 – 8 [7]
4 [8]
5 2.5 – 5 5 [19]
15 – 32 [22]
1 – 7 [23]
3 [150]
1 - 5 [66]
1 - 5 [67]
2 [129]
5 5 5 5 [71]
15 - 32 [72]
1 - 3 [83]
2 2 [149]
5 [24]
4 [10]
4 [74]
7 [25]
5 [12]
Two key findings of the studies are that mechanical properties improvement depends
on both clay type and loading. Table 2.4 shows the results for selected studies on PE
nanocomposites using Cloisite or Nanofill fillers. Effect of compatibiliser will be discussed in
Section 2.5.3 below.
Table 2.4 Effect of clay types on compatibilised PE nanocomposite mechanical
properties (1:1 clay:compatibiliser)
Mechanical
Properties
Cloisite Nanofill
15 20A 25A 30B 93A Na+ 5 3000
Modulus (%) 21 7-67 65 67 84 16 64 15
Strength (%) 14 No data - (9-15) - (37-41) 15-38 7 24-41 9
Elongation (%) 4 - (0-94) No data No data No data -1 No data 2
References [19] [17] [71] [71] [71] [19] [71] [19]
E-modulus improved 7% to 84% depending on the clay type. Tensile strength
decreased for some samples, attributed to stress concentration, especially Cloisite 25A and
30B [71]. The best clays for strength were Cloisite 93A and Nanofill 5, where strength
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increased up to 38%. Few studies on PE/clay nanocomposites provide data on elongation, due
to limitations of equipment for measuring very ductile samples.
Some studies found that the modulus and strength improvement is approximately
“linear” with clay loading up to 5 wt%. One study using a TSE reported that modulus
improved by 8 to 16% with addition of 2.5 and 5 wt% clay respectively [19]. Two studies
using an internal mixer reported that modulus increased by 30 to 51% with 2 to 4 wt% of clay
[131], and 12, 24 and 38% with 1, 3 and 5 wt% of clay, respectively [23].  A study using a
TSE found strength improved by 4 to 7% with 2.5 to 5 wt% of clay, respectively [19].
Another study using an internal mixer reported strength increased to 7, 13 and 16% with 1, 3
and 5 wt% of clay, respectively [23].
However some studies using internal mixers reported decreases in strength for filler
loadings up to 5 wt%. One study found that the strength decreased approximately linearly by
11 to 24% with 2 to 4 wt% of clay, respectively [131]. Two studies reported that strength
decreased with 3 and 5 wt% of clay. One found strength decrease by 4 and 5% [66], while
the other found decrease by 5 and 17% [67].
Fracture toughness is another mechanical property that is affected by filler type and
level. While nanoclay generally improves modulus, it has a variable effect on fracture
toughness as for strength. Some studies report increases in impact strength. One found that
the impact strength increased 60% over HDPE/MMT control, with 3 wt% MMT in
HDPE/PE-g-MA/oMMT nanocomposites using a mixer (roller mill) [150]. Unfortunately,
there is no explanation on the toughness improvement mechanism. One reported 20%
improvement with 3 wt% clay in LDPE/MA/MMT nanocomposites [66]. Another reported
improvements of 17% with 5 wt% clay in HDPE/TPO/MMT nanocomposites [67]. The
improvement on impact strength reported in both studies is attributed to better bond strength
between matrix and clay. Most other studies have reported decreases in fracture toughness,
such as 8% to 54% with addition of 2 wt% nanoclay [149], 60% with addition of 1.5 wt%
MMT [24], and  70% with 4 wt% nanoclay [10]. Various mechanisms for decrease of impact
strength have been proposed, including influence of lamellar orientation [12, 24], crystal
orientation [24], crystallinity [8, 24, 74], and the present of stress concentration [7, 17, 66, 67,
71].
These studies suggest that the optimum clay loading to improve mechanical properties
is between 1 to 5 wt%, depending on the desired property as well as the equipment used.
Very few studies have been undertaken to assess optimum filler loading in PE
nanocomposites prepared with internal mixers. One study predicted the optimum clay loading
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of 2 wt% to improve mechanical properties, for a PP/PE/nano kaolinite nanocomposite
prepared in an internal mixer [83]. This is within the range of 1 to 5 wt% suggested above.
2.5.2.3. Effects of Equipment on Morphology
Many studies show that it is difficult to obtain a fully exfoliated structure in PE/clay
nanocomposites. Some studies claimed exfoliation was achieved [24, 25], but most produced
a hybrid structure, with partial exfoliation, intercalation and/or agglomeration, using a variety
of equipment.
Many studies reported that a TSE produces smaller particles than a SSE [20, 24, 25,
71, 130, 133]. This was attributed to higher shear and mixing intensity in a TSE than a SSE.
Differences in exfoliation and intercalation level were also reported. One study reported a
higher exfoliation level (based on XRD and TEM) in TSE than KO Buss kneader samples
[71]. However, the PE type was not reported. Another study on LDPE nanocomposites found
TSE produced smaller particles in a dispersive mixing screw than in a distributive one [25].
Other studies reported that processing procedure might also contribute to the level of
exfoliation or intercalation. Biaxial stretching after compounding in a TSE produced more
exfoliation than compression moulding, attributed to clay breakage during stretching [17].
Master-batching in a TSE produced more exfoliation compared to direct mixing [68, 131].
Overall, the reports suggest that superior mixing is produced by a TSE compared to other
equipment due to high shear.
2.5.2.4. Effect of Nanoclay type and loading on Morphology
The type and amount of filler is a key factor that influences morphology in
polymer/clay nanocomposites. This is due to the nature of clay, which tends to agglomerate
rather than disperse. Table 2.5 summarizes the effects of filler loading on PE nanocomposite
morphology of selected studies.
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Table 2.5 Effect of filler loading on PE nanocomposite morphology
% Filler Analysis Exfoliation Intercalation
(interlayer distance)
Agglomeration References
1 – 7 XRD, TEM Partial Yes
(0.3 – 0.8 nm)
Not reported [23]
2 – 6 XRD, TEM Partial Yes
(0.1 – 0.4 nm)
Not reported [131]
2.5 WAXD,
TEM, SEM
Partial Yes
(not reported)
Yes [68]
2.5 – 5 WAXD,
TEM, SEM
Partial Yes
(0.3 – 0.5 nm)
Yes [19]
3 XRD, TEM Partial Yes
(0.4 nm)
Not reported [134]
5 XRD, SEM Partial Yes
(0.4 nm)
Yes [12]
5 XRD, TEM Partial Yes
(0.2 – 0.7 nm)
Not reported [17]
5 XRD, TEM Partial Yes
(not reported)
Not reported [71]
5 XRD, TEM Full No Not reported [24]
7 WAXS,
TEM, SEM
Partial No Yes [25]
8 XRD Partial Yes
(0.4 - 0.9 nm)
Not reported [7]
Table 2.5 shows that exfoliation or partial exfoliation is obtained in PE
nanocomposites at a wide range of filler levels (from 1 to 8 wt%). Two reported no
intercalation was present [24, 25]. Most report hybrid morphology structures, with partial
exfoliation and presence of intercalated particles. A few studies report that agglomerated
particles were also seen [19, 25, 68]. Unfortunately, many studies did not comment on
whether agglomerates were present.
Table 2.5 also shows that intercalation interlayer distance varies within a wide range
(from 0.1 to 0.9 nm) [7, 12, 17, 19, 23, 131, 134]. Variation in interlayer distance was
attributed to matrix-compatibiliser interaction [23, 131], matrix molecular weight [7], post-
processing conditions [17], and/or surfactant degradation during processing [17, 19, 24].
A limited number of studies report that degree of exfoliation varies with filler loading.
Two studies reported that degree of exfoliation was higher at filler levels below 5 wt%. One
study reported exfoliation was higher at 2 than 6 wt% filler [131], another that it was higher
at 3 than 7 wt% [23]. This suggests that filler loading lower than 5 wt% is beneficial for
morphology: lower loading produces better dispersion (higher exfoliation).
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2.5.3. Effects of Compatibiliser on Morphology and Mechanical Properties
Many studies have reported improvements in PE nanocomposite morphology and
properties when compatibiliser is used, attributed to improved filler matrix interaction [6, 18,
19, 23, 72, 131]. The degree of improvement depends on a number of factors, including
compatibiliser type and clay:compatibiliser ratio. The material commonly used as a
compatibiliser in PE nanocomposites is maleic anhydrite (MA) grafted PE [17, 19, 23-25, 68,
71]. Table 2.6 summarizes selected studies where compatibilisers have been used in PE
nanocomposites.
Table 2.6 Amount of MA compatibiliser in PE nanocomposites
PE type Clay
(wt%)
Compatibiliser
(wt%)
Ratio of clay and
compatibiliser
References
LDPE 2.5 7.5 1:3 [68]
LDPE 7 10 7:10 [25]
LLDPE 2.5 – 5 2 – 10 5:2 – 1:4 [19]
HDPE 1 – 7 7 1:1 – 1:7 [23]
HDPE 2 9 2:9 [149]
HDPE 2-6 6 – 18 1:3 [131]
HDPE 3 0 – 21 1:0 – 1:7 [150]
HDPE 5 5 – 20 1:1 – 1:4 [17]
HDPE 5 0 – 100 1:1 – 1:20 [24]
EVA, LDPE, HDPE 5 5 1:1 [12]
Not specified 5 5 1:1 [71]
The amount of compatibiliser is usually calculated as a ratio to the clay loading. Table
2.6 shows the ratio between clay loading and compatibiliser varies very widely, from 5:2 to
1:20. The ratio 1:1 is the most commonly used [17, 19, 23, 24, 71]. However, some studies
have reported ratios higher than 1:1 are needed for mechanical property improvement. One
study using a TSE reported a ratio of 1:5 produced  the best modulus and 1:3 produced the
best strength in HDPE nanocomposites with 5 wt% clay (using HDPE-g-MA compatibiliser)
[24]. One study using a mixer (roller mill) reported the maximum strength was achieved at a
ratio of 1:2 (using PE-g-MA compatibiliser) [150]. Another study using an internal mixer
found that the best modulus was achieved with ratios between 5:7 and 1:7 while best tensile
strength was obtained at a ratio of 1:7 (using PP-g-MA compatibiliser) [23]. These studies
suggest that the optimum clay: compatibiliser ratio to improve mechanical properties in
HDPE nanocomposites is between 5:7 and 1:7, depending on the compatibiliser, desired
property as well as the equipment used.
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The limited studies on morphology of HDPE/clay nanocomposites produced with
internal mixers have found results depend on the compatibiliser type. One study reported that
samples with PP-g-MA were better exfoliated than PE-g-MA, which correlated with larger
gallery spacing [23]. Unfortunately, the type of PE used in the compatibiliser was not
reported. Another study found exfoliation was higher in samples produced with HDPE-g-MA
than LLDPE-g-MA, attributed to the more similar backbone of HDPE-g-MA to the HDPE
matrix [131].
2.5.4. PE Nanocomposite Thermal Stability
Some researchers report that the addition of nanoclay improves nanocomposite
thermal decomposition temperature [134, 146-148, 151]. The improvement in thermal
stability was attributed to presence of an exfoliated or intercalated structure, as a shield.
When exfoliated or intercalated, the clay functions as barrier because of its high aspect ratio
and longer path tortuosity [152].
However, studies of PE/clay nanocomposites found that it degrades earlier [153] or at
the same temperature [154, 155] as neat PE. This was attributed to the effect of agglomerates.
An agglomerated structure might decrease thermal stability due to the presence of hydroxyl
groups or catalysis of polymer degradation by the silicate form.
In processing, thermal stability is needed to avoid material degradation during high
temperature or shear exposure. Although nanoclay might improve thermal stability for the
end product, one study reported that clay surfactant degradation might occur during
processing at temperatures between 180 °C to 200 °C [156]. This could decrease tensile
modulus independent of the clay content. However, the addition of an appropriate amount of
a commercial stabilizer should avoid this type of degradation as well as improve phase
dispersion [6, 134].
2.6. Application of Design of Experiment (DoE) in Polymer Nanocomposite Studies
DoE is a statistical tool for modeling and optimising experimental runs when the
desired responses are influenced by several factors and levels. Compared to a conventional
experimental approach when only one-factor-at-a-time (OFAT) is varied, DoE has several
benefits. It can be used to analyse factor interactions [33, 157] which is impossible with
OFAT, to estimate error variation in the experiment, and to economically plot response
contours [157]. In nanocomposites studies, some popular designs are factorial design [33,
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158], the Taguchi method [36, 38, 65, 159, 160], the Central Composite Design (CCD) [39,
40, 161, 162], and Box-Behnken design (BBD) [37, 83, 163, 164].
The factorial design can be full or fractioned design depending whether all factors and
all experiment levels are needed [157]. It can be used to develop an empirical model of the
response variables in terms of the factors. The limitation of this method is it has no repeat
experiments, so it is unable to estimate error variation or model adequacy.
The Taguchi method is a fractional factorial that offers simpler design than
conventional factorial design. It is commonly applied to detect main effects. It has been used
to observe the main processing factors in polyamide microcellular nanocomposite preparation
[160], the main effects in thermoplastic vulcanizate nanocomposite preparation [159], and the
effect of material content [38, 65]. Because it was developed from a fractioned factorial, the
efficiency of the design, in term of runs, is very good. However, its limitation is that it’s not
possible to observe curvature area.
In contrast, response surface methodology (RSM) is a good tool for analysing results
and predicting the optimum conditions from a developed surface. Several studies have used
CCD, (a type of RSM) to optimise additive levels in nanocomposites [39, 40, 161]. In this
technique, the number of experiments is calculated by 2f + 2f + nc. where f and nc are the
number of design factors and repeated runs. The benefit of CCD is the availability of axial
points (shown in Figure 2.5 (a)), which expand the boundaries. As a consequence, however,
there are more experimental runs, and some corner points are extreme experiment conditions.
The drawback of this design is that it is rather expensive, and some points may not be
possible to produce.
(a)                                                                     (b)
Figure 2.5 Response surface design: (a) CCD; (b) BBD
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Another RSM that is commonly used is the Box-Behnken design (BBD). It was
developed from an incomplete 3k factorial. The BBD is shown in Figure 2.5 (b). Some studies
have used it to optimise processing conditions [37, 83, 163, 164]. The benefits of the BBD
are that it is rotatable and more efficient due to the absence of axial points and extreme
design points [157]. However, for experiments with more than three factors, the number of
runs might be more than CCD or fractioned factorial design. The comparison on number of
runs for BBD and CCD is shown in Table 2.7.
Table 2.7 Available response surface design (with number of runs) [165]
Design Number of Factors
2 3 4 5 6 7 8 9 10
CCD Full 13-14 20 30-31 52-54 90 152-160
CCD half 32-33 53-54 88-90 154-160
CCD quarter 90 156-160
CCD eighth 158-160
BBD 15 27 46 54 66 130 170
In term of model validation, it is assumed that model errors should follow a normal
distribution. Then should be no non-constant variance, and errors should be independent
[157, 165, 166]. Another factor to be considered at validation is outlier detection, which
indicates either measurement error or unique characteristics in a particular sample population.
Model adequacy can be analysed by various statistical measurements, such as the estimated
error standard deviation, the coefficient of determination (R2), or lack of fitness test [157].
Estimated error standard deviation reflects the closeness of the predicted value to the actual
response. The lower the value of this parameter, the closer the predicted value to the actual
response. The value is calculated according to Equation 2.2.
Equation 2.2
Where :
= Error mean of squares =
= Error sum of squares
= Error degree of freedom
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The coefficient of determination (R2) is also a measurement assessing model goodness
of fit. However, this measurement is not suitable if model comparison is done because it does
not adjust the number of predictors and observations. Instead of using R2, R2adjusted is more
appropriate to compare the number of models because it considers the number of calculated
variables [157, 165-167]. The equations for calculating R2 and R2adjusted are shown in
Equations 2.3 and 2.4.
Equation 2.3
Equation 2.4
where :
= Total sum of squares
(n – 1) = Total degree of freedom
Lack of fit can also be used to assess model adequacy when there are some repeated
observations [157, 166]. The measurement concept is generated from the sum of squares
error which is fractioned into lack of fit and pure error, respectively. However, it might yield
an inaccurate analysis if some significant factors are not included in the model terms. In
addition, the accuracy of analysis decreases if each sample has its own standard deviation
calculated from a sub-set of specimens. These standard deviations will not be considered in
the lack of fit calculation, because standard deviation in the lack of fit calculation is based on
average values from each repeated samples, not specimens. This suggests that the calculation
may not represent genuine variation in actual conditions. In addition, insignificant lack of fit
does not always mean the model is correct, for example, in cases where there is only a small
variation around the response [166, 167].
In the literature, various approaches have been adopted to justify model adequacy.
One study found that significance of regression and lack of fit are useful methods for
evaluating models [168]. Another study used normality testing and residual plots to justify
model adequacy [169]. R2 was also applied to check model goodness of fit in several studies
[164, 170-172], even when lack of fit was significant [173, 174]. Model adequacy was
inferred from signal-to-noise ratio, when comparing predicted response to its error [170].
30
While there is little consensus about analysis of model adequacy, R2 can usually be used as
long as consideration is given to actual conditions [166].
2.7. Summary
In summary, nanofillers are a popular technique to improve polymer material
properties with a small amount of filler loading. Formulation and process contribute to
nanocomposite morphology and mechanical properties. Melt compounding is the most
popular method to produce nanocomposites commercially. However, there is still no
consensus on the optimum level of filler, type of filler, ratio of compatibiliser, type of
equipment and optimum processing conditions in PE nanocomposites. More work is needed
to enhance the understanding of this important research area.
A review of studies of nanocomposite characterization suggests there is no single
technique to fully characterize nanocomposite morphology. Mechanical testing is commonly
used to analyse bulk material properties and corroborate morphology characterization. A
combination of XRD, TEM, and SEM produce the most convincing conclusions. XRD and
TEM are a useful combination to characterize nanocomposite morphology, while XRD and
SEM are a useful combination to characterize microcomposite morphology. Statistical
analysis of micrographs is needed to draw more accurate conclusions.
Experimental design is a statistical approach to conducting experiments that is useful
when there are interactions between factors. Some efficient designs like the Box-Behnken
design saves time and money by reducing the number of observations while still considering
all experiment factors. It can be used to optimise variables such as processing conditions, clay
loading, and compatibiliser ratio, by analysing the effect of independent factors and
interaction terms.
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CHAPTER 3 EXPERIMENTAL METHODS
This chapter describes the experimental methods. The materials, equipment, and
methodologies applied in this research are described. Characterization and testing techniques
include tensile tests by Universal Testing Machine (UTM), impact strength test by Izod
Impact Tester, and morphology observations by Environmental Scanning Electron
Microscopy (ESEM), Small Angle X-ray Scattering (SAXS), and Transmission Electron
Microscopy (TEM) are described. This chapter also discusses experimental errors and steps
taken to minimize them.
3.1. Materials
The material specifications are shown in Table 3.1. The PE used in this study was a
commercially available grade of HDPE, Alkatane™, donated by QENOS, Australia. This
resin is a blow moulding grade designed for high speed reciprocating screw blow moulders. It
has a melt flow index (MFI) of 0.83 g/10 min (190 °C, 2.16 kg). This grade is used for dairy
product applications such as milk, fruit juice, and cordial.
The organoclay, Cloisite® 93A (C93A) produced by Southern Clay Products Inc. was
used in this study to produce nanocomposites. It is natural clay modified with a ternary
ammonium salt. Cloisite® 93A is a filler used for improving physical properties such as
reinforcement, coefficient of linear thermal expansion (CLTE), flame retardant, and barrier.
This modified clay has the surfactant, whose chemical structure is shown in Figure 3.1. The
amount of sieved clay less than 2 µm is 10%, less than 6 µm is 50%, and less than 13 µm is
90% [175].
In order to obtain better interactions between the non-polar HDPE and the polar
organoclay, a compatibiliser was added. The compatibiliser was HDPE grafted with MA
(HDPE-g-MA), Polybond® 3009, donated by Chemtura Singapore. Maleic anhydride level in
this compatibiliser is 1%.
A primary and a secondary stabilizer were added to avoid material degradation during
compounding as well as improve dispersion level [6, 134]. The primary stabilizer was
SongnoxTM 1010 (SX1010), and the secondary was SongnoxTM 1680 (SX 1680). These
materials were donated by Sun Ace, Australia.
.
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Table 3.1 Material used in this study
Material Product Name Specification Supplier
HDPE HD5148 MFI = 0.83 g/10 min
Density = 0.962 g/cm3
Qenos
HDPE-g-
MA
Polybond® 3009 MFI = 3 - 6 g/10 min
Density = 0.95 g/cm3
Melting Point = 127 °C
MA Level = 1.0 wt%
Chemtura
Organoclay
M2HT
Cloisite® 93A: Methyl,
dihydrogenatedtallow
ammonium
Organic loading = 95 meq/100 g clay
Organic content = 39.5%
d001 spacing = 23.6
Density = 1.88 g/cm3
Moisture content = < 2%
Particle size = 10% < 2µm, 90% < 13µm
Southern
Clay
Products
Stabilizer SongnoxTM 1010
SongnoxTM 1680
Melting point = 110 – 125 °C
Melting point = 181 – 187 °C
SunAce
H
CH3 N+ HT
HT
Where HT is Hydrogenated Tallow (~65% C18; ~30% C16; ~5% C14)
Figure 3.1 Cloisite® 93A surfactant chemical structure
3.2. Nanocomposite Formulation
The nanocomposite formulation was based on studies reported elsewhere. The clay
loading was not a variable in this research as it has been studied extensively elsewhere [4-9].
The filler loading was chosen as 2 wt% as this is within the range where the most significant
improvements in mechanical properties [19, 23, 66, 83, 131] and better dispersion [23, 68,
131] have been reported. The ratio of clay and compatibiliser was kept at 2:5, which was in
the range commonly used for PE nanocomposites, discussed in Section 2.5.3 [23, 24]. The
percentage of stabilizer was according to the manufacturer’s recommendation, 0.1 wt%,
based on total mass of materials. In this research, the amount of stabilizer was 0.05 wt% each
for Songnox 1010 (SX1010) and Songnox1680 (SX1680). This material composition was
used in all samples.
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3.3. Nanocomposite Preparations
Compounding was done using a non-intermeshing counter rotating Haake Rheomix
OS R600 shown in Figure 3.2. The speed ratio between right and left rotor is 3:2. Three
different rotors, namely Roller (R), Banbury (B), and Sigma (S), were used for mixing. The
Roller is trilobes rotor, while the Banbury and Sigma are twolobes rotors. The maximum
torsion for these rotors was 160 Nm for both Roller and Banbury, and 30 Nm for Sigma. The
fill factor was set at 60% of chamber capacity to achieve the best mixing performance as
reported in other studies [96, 97] and considering the torsion limitation on the Sigma unit .
Total mass of material per sample for each rotor is dependent on chamber volume,
compound density, and filling factor, because of the different geometry (and volume) of each
rotor. The density of compound was 0.98 g/cm3 calculated from the combination among all
materials according to Equation 3.1. However, the stabilizer density was not considered in the
overall density calculation due to the very small amount used in this experiment. The mass
per batch for each rotor was calculated according to Equation 3.2. This mass was then
multiplied by the percentage of each material. All materials for each rotor were weighed
carefully using an electronic balance, as summarized in Table 3.2.
Figure 3.2 Haake Rheomix OS 600 and (a) Roller (b) Banbury (c) Sigma rotor
a) b) c)
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Density of compound (g/cm3) =
(%HDPE x ρHDPE) + (%compatibiliser x ρcompatibiliser) + (%clay x ρclay)
+ (%stabilizer x ρstabilizer) Equation 3.1
Mass per Batch (g) = volume chamber x density of compound x filling factor
Equation 3.2
Table 3.2 Material amount used for each rotor
Rotor Chamber
Capacity (cc)
Batch Mass
(g)
HDPE
(g)
HDPE-g-MA
(g)
C93A
(g)
SX1010
(g)
SX1680
(g)
Roller 69 40.6 37.7 2.0 0.81 0.0203 0.0203
Banbury 78 45.9 42.6 2.3 0.92 0.0229 0.0229
Sigma 90 52.9 49.2 2.6 1.06 0.0265 0.0265
The processing conditions were set according to three levels and three factors of Box-
Behnken experimental design. These conditions were applied equally to all rotors and are
explained in more detail in Section 3.4. Prior to mixing, the clay was dried in an oven at 80
°C for a minimum of 24 hours, in order to reduce moisture content and avoid bubbles in the
final product. The chamber was heated to its set temperature prior to clay removal from the
drying oven. Once the chamber reached the set temperature, the rotor was set to the desired
rotation, and the clay was removed from the drying oven and quickly dry mixed by hand with
the other materials. Dry mixing was done for approximately 20 seconds, until the clay
appeared to be well distributed. The mixed materials were then poured into the heated
chamber. The mixing time would start automatically when the torsion reached 0.5 Nm, and
stop at pre-set mixing time. The torque at the end of mixing was noted to represent shear.
After mixing, samples were prepared by compression moulding as shown in Figure
3.3. Firstly, the hot mixed compound was scraped from the mixer. It was then manually
flattened into the relevant specimen mould using copper tools. The ASTM D638 type II
tensile mould and Izod impact mould according to ASTM D256 were used to produce the
specimens. The compression moulding temperature was set at 180 °C. The pressure increased
from 0 to 90 Bar over a two minute ‘pre-load’ to melt the compound. After pre-loading, the
pressure was maintained at 90 Bar for 5 minutes. After 5 minutes, the platens were water-
cooled to decrease the temperature to less than 50 °C. The cooled specimens were carefully
taken from the mould. The specimens were checked to make sure that there were no bubbles
or defects that might reduce the mechanical properties.
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Figure 3.3 Compression Moulding Machine
3.4. Experimental Design (DoE)
In this research, DoE was applied to observe the effect of processing conditions on PE
nanocomposite properties. A Box-Behnken experimental design (BBD) was chosen because
it is more efficient than CCD or a three-level Full Factorial design, as discussed in Section
2.6 [176]. The same design was used with each rotor. The conditions to produce the best
mechanical properties were predicted for each rotor by regression analysis. Three factors,
namely chamber temperature, rotor rotation, and mixing time were considered as independent
factors in the DoE. Modulus and strength were plotted as dependent factors.
3.4.1. Processing Boundaries
The processing windows in this experiment were chosen by combining results
reported in previous studies and the manufacturer’s recommended settings. The temperature
range used in this research was 150-210 °C. These temperatures were below the
manufacturer’s maximum temperature recommendation for HDPE (230 – 240 °C) processed
by either extrusion or injection blow moulding with fast cycle time [177]. This was to avoid
degradation in the mixer, as the cycle time was much longer than a fast cycle time. The “lo”
and center point settings were set at 150 °C [22, 72, 83] and 180 °C [23], respectively. Rotor
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rotations were varied from 30 to 130 rpm, while mixing times were varied from 4 to 16
minutes, to provide various shear and diffusion times.
Table 3.3 compiles the set conditions applied in the DoE. In order to compare results
from the nanocomposite samples to neat HDPE, a pure HDPE control sample was produced
using the mixer, to give it the same thermal history as the other samples. The conditions used
to make the HDPE control were mid, lo and lo (see Table 3.3).
Table 3.3 Setting condition applied for each run
Run Temp
(°C)
Speed
(rpm)
Time
(min)
Run Temp
(°C)
Speed
(rpm)
Time
(min)
Control 180 30 4 8 150 30 10
1 210 80 4 9 180 80 10
2 180 30 4 10 150 80 16
3 180 80 10 11 180 30 16
4 180 80 10 12 210 30 10
5 150 130 10 13 150 80 4
6 210 130 10 14 180 130 4
7 180 130 16 15 210 80 16
3.4.2. Statistical Analysis and Model Development
Statistical models were generated from modulus and strength data collected from DoE
runs. The effect of processing conditions on mechanical properties was analysed and plotted
using MinitabTM software. Empirical models were developed for each rotor from modulus
and strength data regression using second order polynomial equations (Equation 3.3).
Equation 3.3
where is the model response, and are independent variables, and , , , are the
coefficients for a constant, linear, quadratic, and interaction respectively. Data analysis was
done using coded units (-1, 0, +1) to eliminate spurious effects due to differences in
measurement units [178]. In coded unit analysis, the negative sign represents “lo” level
factors, while positive signs reflect “hi” level one. All data were analysed at a 95%
confidence level. Model adequacy was analysed using R2.
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3.5. Characterizations
Characterization was divided into two classifications, namely mechanical properties
and morphological analysis. The mechanical properties measured in this study consist of
modulus, strength, and impact strength. The morphological analysis was done to evaluate the
intercalation structure using SAXS, the micro-structure from fracture surfaces using
Environmental SEM (ESEM), and the extent of exfoliation of clay layers using TEM.
3.5.1. Mechanical Properties
3.5.1.1. Modulus and Strength
An Instron 4467 Universal Testing Machine (UTM) equipped with an extensometer
was used to measure modulus and strength. This machine can be used to measure many
mechanical properties such as modulus, strength, elongation, and energy to break by
performing tests in tensile, flexural, compression, or shear mode. However, because almost
all materials experience tensile loads in their applications, tensile testing is the most popular
mechanical measurement. Tensile properties are measured by pulling the specimen in a
direction parallel to the gauge length. Pulling speed is set according to a standard or desired
speed. In the Instron 4467, load and displacement are recorded with Bluehill software.
Results are presented as load versus displacement.
Equation 3.4
Equation 3.5
Equation 3.6
Strength or stress (σ) is calculated by dividing measured force by specimen cross
sectional area, while tensile strain or elongation (ε) was calculated by dividing change in
length by initial length. Elongation is dimensionless, but it is sometimes expressed as
percentage. The cross sectional area is measured within the gauge length volume. The
calculations of strength and elongation are shown in Equation 3.4 and 3.5.
Tensile modulus (Ε) was calculated as the ratio of strength (σ) to strain (ε) as shown
in Equation 3.6. In this research, secant modulus was calculated at  2% strain [99] because
38
neat HDPE does not exhibit any linear region. Strength at yield was chosen rather than
strength at break because of an equipment limitation: it cannot measure more than 500%
elongation. HDPE is very ductile, so the test was stopped before the control specimens would
break.
The average modulus and strength values were calculated from a minimum of 4
specimens for each DoE run sample. All specimens were conditioned for 2 days in a
desiccator at room temperature (23 ± 2 °C) and 50% ± 10% relative humidity before testing.
Crosshead rate for modulus was set lower than for strength to collect more data and construct
a smoother curve. To measure the modulus, crosshead rate was set at 5 mm/min from 0% to
3% elongation. The pulling speed was then changed to 50 mm/min from 3% strain for
measuring strength.
The extensometer was attached to the gauge length so that strain could be measured
for use in the modulus calculation. The extensometer should be used rather than grip
separation distance because the strain in the shoulder is lower than in the narrow section [99].
A contact extensometer was used as it is cheaper and easier than non-attached extensometers,
such as laser or video extensometer. However, care must be taken when attaching a contact
extensometer to delicate specimens to avoid any influence on the results: the extensometer
may damage the specimen producing premature fracture. In this study, the extensometer was
set to a 50 mm gauge length in narrow section of the tensile specimen.
3.5.1.2. Impact Strength
Impact strength was measured to analyse material energy to break. It was done
according to ASTM D256-10 method A. A Davenport Izod Impact Test equipment with a
1.36 J energy pendulum as shown in Figure 3.4 was used for testing. Samples were chosen
for each rotor from the highest and the lowest modulus and strength. The average value was
calculated from a minimum of 8 specimens. All specimens were notched using the notch
cutting machine depicted on Figure 3.5. Similar to tensile tests, all specimens were
conditioned in a desiccator for 2 days at room temperature (23 ± 2 °C) and 50% ± 10%
relative humidity before testing, to release residual stress produced by the notching machine.
Impact strength was calculated according to Equation 3.7 [179].
39
Figure 3.4 Davenport Izod Impact Tester
Figure 3.5 Notch Machine for Impact Test Samples
Equation 3.7
where :
I.S = Impact Strength (J/mm)
Ei = Arithmetic value (I = 1, 2, 3, 4, etc)
Y = Energy of pendulum used (J)
W = Specimen width (area which is stroke by pendulum)
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3.5.2. Morphological Properties
3.5.2.1. Environmental Scanning Electron Microscopy (ESEM)
Microstructures (that is, agglomerates) were observed on fracture surfaces using a FEI
Quanta 200 ESEM. The accelerating voltage was set at 30 kV with a spot size (4) chosen to
produce a higher magnification with a greater depth of field. In order to avoid charging, all
specimens were mounted on aluminum stubs and gold-coated using a sputter coater.
Samples were prepared from impact test specimens fracture surfaces. These give a
smoother surface than tensile test specimens as the fracture occurs at higher speed, giving a
more brittle fracture. This is useful as it allows easier observation of the presence of
agglomerates. Brittle fracture is also better than a ductile fracture, as too much stretching may
reduce the particle size by breaking up the clay tactoids [17].
Elemental analysis to confirm the composition of agglomerates was done using the
same ESEM with an Oxford X-MaxN 20 Energy Dispersive X-ray (EDXS) detector with
Aztec software from Oxford Instrument Nanoscale. Elemental analysis was done using map
spectrums for selected agglomerates. All samples were gold-coated, so elemental gold was
excluded from the analysis.
3.5.2.2. Small Angle X-ray Scattering (SAXS)
Intercalated tactoids were observed using a Bruker AXS Nanostar X-ray
diffractometer shown in Figure 3.6. Specimens of about 1 x 1 by 1 to 2 mm nominal size
were cut from tensile specimens. The specimen was prepared by manually cutting the centre
portion of a tensile specimen. The full thickness of the tensile specimen cross sectional area
was 4 mm and this was reduced to 1 to 2 mm such that the SAXS sample still contained one
original surface. The X-ray direction was through the 1 to 2 mm thickness. The intercalate
structure was analysed by calculating the d-spacing according to Bragg’s law (Equation 2.1).
The SAXS was operated at 40 kV and 35 mA using CuKα radiation (λ = 1.54 Å). In order to
observe the intercalated structure, the SAXS intensity peaks were integrated in the range of
2θ from 0° to 10°.
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Figure 3.6 Bruker AXS Nanostar X-ray Diffractometer
3.5.2.3. Transmission Electron Microscopy (TEM)
The degree of exfoliation was observed using a JEOL 1010 TEM, shown in Figure
3.7. Micrographs were taken from at least 5 different slices per sample, to increase
confidence in the conclusions drawn. Samples were sliced using a Leica ultracut UCT
microtome with diatome diamond knife and cryo system shown in Figure 3.8. Temperatures
were set at -110 °C for the specimen and -150 °C for the knife to produce very smooth
surfaces and avoid specimen rolling and wrinkling. Each specimen was sliced at about 50 nm
nominal thickness and put on a carbon coated copper grid. The pictures were captured using a
Gatan Orius digital camera with Digital Micrograph 4 software using a 100 keV accelerating
voltage giving a 25,000 times (100 nm bar) magnification. Objective aperture 2 was inserted
in order to produce better brightness and contrast in the micrographs.
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Figure 3.7 JEOL 1010 Transmission Electron Microscopy
Figure 3.8 Leica Ultracut UCT with Diamond Knife
Each image was analysed qualitatively for presence or absence of exfoliates, intercalates and
agglomerates, by observation, and semi quantitatively, by measuring the thickness of a number of
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layers/tactoids with about 20% of accuracy. The thickness measurement was done offline using Gatan
Digital Micrograph software.
The semi quantitative analysis was done as follow. First, the thickness of each distinct layer
or multiple-layer particle was measured using a measurement tool in the software. Brightness and
contrast were adjusted to maximize the clarity of particles in the images. Particle thicknesses were
grouped into several groups namely less than 10 nm, less than 20 nm, and less than 30 nm to reduce
potential bias in the nanoscale measurement. The average thickness and standard deviation were
calculated from the total number of particles in each group from 5 micrographs.
3.6. Error Analysis
3.6.1. Nanocomposite Preparation Errors
Since very small amount of stabilizer and clay was used in this study, an electronic
balance with ±0.0001 g accuracy was used. However, it was not possible to measure the mass
with ±0.0001 g accuracy for the PE or compatibiliser. For these materials, a larger balance
with ±0.01 g accuracy was used.
Processing conditions on the Rheomix were set automatically using Polysoft software.
The mixing time would start at a torsion of  0.5 Nm, and stop at the desired time. Error of
setting is not available but is assumed to be small and random. Compression moulding was
done after sensors showed that the temperature difference between the upper and and lower
platens was less than 5 oC. Preheating, heating, and cooling time was controlled manually
using a stopwatch with ±0.01 s accuracy. The same pressure load was applied to all samples.
Accuracy of pressure reading is unknown but is assumed to be adequate to have no
significant effect on sample reproducibility.
3.6.2. Mechanical Property Errors
Degree of crystallinity of HDPE is affected by ageing [180], and may influence
mechanical properties. Hence, all mechanical testing specimens were given the same
conditioning prior to testing. They were put in a desicator set at 23 ± 2 oC and 50 ± 10%
relative humidity straight after manufacture, conditioned for 2 days ± 8 hours and then tested.
A visual inspection was carried out on all specimens to ensure they were free of bubbles and
defects.
All specimens were tested at room temperature. All tensile testing samples were
tested at the same crosshead speed, 5 and 50 mm/min for modulus and strength respectively.
All data were collected and calculated using Bluehill Instron software. Variations in an
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individual run were analysed from standard deviation of each sample, while those of between
samples in the whole run were analysed from standard deviation of DoE’s mid-point.
Impact test specimens were notched using the same notching machine at the same
speed. The same pendulum energy (1.36 J) was used during testing. The impact value was
read manually and rounded to the nearest decimal. The equipment precision is 0.1. Specimen
thickness and width were measured using a caliper with ±0.01 mm accuracy.
3.6.3. SEM Errors
There are many possible errors in SEM observation because it is used to draw
qualitative conclusions from unique complex fracture surfaces. If particles are observed in
SEM micrographs, elemental analysis using EDX can be performed to confirm their
composition and assist in making a more accurate conclusion. In this study elemental analysis
was carried out on both fracture surface particles and pure Cloisite 93A to confirm that the
observed particles were clay agglomerates.
3.6.4. SAXS Errors
SAXS results are influenced by filler concentration, filler alignment, surface
roughness, and sample thickness [126]. Hence sample preparation should be consistent in
terms of surface preparation, thickness and sample orientation. Care should be taken in
comparing results for samples with different filler concentrations. In addition, broad peaks
are typical in nanocomposites making analysis more difficult [26]. To check the accuracy of
SAXS results, pure Cloisite 93A was analysed, shown in Figure 3.9 and compared with
manufacturer’s data. The figure shows that the peak of Cloisite 93A is detected at about 3.7°
or 23.7 Å, very similar to reported interlayer distance d001 of Cloisite 93A of 23.6 Å shown in
Table 3.1. This distance is also close to gallery distance reported by other researchers [181,
182]. This suggests the errors in term of SAXS operation were acceptably small.
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Figure 3.9 Cloisite 93A Diffractogram
3.6.5. TEM Errors
TEM is a difficult technique that is particularly sensitive to slice thickness. Once clear
images are achieved, care must be taken with interpretation due to sampling error. The area
selected for analysis should be representative of the sample cross-section [49] and whole
sample [27]. For this reason, in this study five images were produced and analysed per
sample to minimize sampling error.
3.7. Summary
In brief, experiments were conducted according to the research flow chart shown in
Figure 3.10. PE/clay nanocomposite samples were prepared using an internal batch mixer
with three different rotor types, namely Roller, Banbury, and Sigma. Processing conditions
were set according to a 15 run Box-Behnken Experimental Design. Control samples were
produced from neat HDPE for each rotor at 180 °C, 30 rpm, and 4 minutes process
conditions. Mechanical and morphology properties were analysed using UTM, Izod impact
tester, ESEM, SAXS, and TEM.
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Figure 3.10 Research Flow Chart
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CHAPTER 4 EFFECTS OF PROCESSING CONDITIONS ON
MECHANICAL PROPERTIES
This chapter discusses the effects of processing conditions, namely temperature, rotor
rotation, mixing time, and equipment variables (rotor type) on mechanical properties of
HDPE/clay nanocomposites. Statistical analyses of modulus and strength results are
discussed in terms of processing conditions for each rotor type. Impact strength results are
analysed for selected samples (best and the worst samples for each rotor sample).
4.1. Effect of Processing Conditions on Modulus and Strength
Tables 4.1 to 4.3 summarize modulus and strength results for samples prepared by
Roller, Banbury, and Sigma rotors, respectively according to DoE runs. In addition, Table 4.4
shows modulus and strength results for the HPDE control samples, the average of mid-setting
samples (runs 3, 4, and 9), all nanocomposite runs, and the best samples. The average tensile
strength of control samples (Roller, Banbury, and Sigma) is 28.3 ± 1.1 MPa, which is close to
(within 1 s.d.) the reported tensile strength of HD5148 (29 MPa) used in this experiment
[183]. The average standard deviation (s.d.) for modulus is approximately 50 MPa (6%) and
for strength is 0.8 MPa (3%). This suggests that the results are consistently good.
In general, there are significant (approx. 2-3 s.d) improvements in the modulus and
strength compared to control for a range of samples prepared by each rotor at different
processing conditions. These samples are shown in blue in the following tables.
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Table 4.1 Modulus and strength results: Roller rotor
Run Temp rpm time Modulus (MPa) Strength (MPa)Average s.d. % Change Average s.d % Change
Control 180 30 4 745 26 0% 27.5 0.7 0%
1 210 80 4 897 37 20% 29.1 0.4 6%
2 180 30 4 761 44 2% 27.6 0.3 0%
3 180 80 10 917 34 23% 29.5 0.7 7%
4 180 80 10 913 56 23% 29.1 0.8 6%
5 150 130 10 777 43 4% 27.8 0.8 1%
6 210 130 10 787 18 6% 27.2 0.7 -1%
7 180 130 16 802 39 8% 27.3 0.9 -1%
8 150 30 10 820 65 10% 28.2 0.3 3%
9 180 80 10 881 43 18% 28.1 0.6 2%
10 150 80 16 860 45 15% 28.1 0.6 2%
11 180 30 16 808 67 8% 28.1 0.3 2%
12 210 30 10 861 35 16% 28.7 0.7 4%
13 150 80 4 806 51 8% 28.0 0.5 2%
14 180 130 4 821 29 10% 28.5 0.7 4%
15 210 80 16 773 23 4% 26.7 0.4 -3%
Average
1-15 828 52 11% 28.1 0.8 2%
Table 4.1 shows that there are some samples with significant improvement (approx. 2
s.d.) on modulus (Run 1, 3, 4, 9, 10, 12), and strength (Run 1, 3, 4) for Roller samples. The
modulus improvement varies from 0 to 23%, while strength changes from -3 to 7%. There is
a very significant difference between the highest (Run 3) and the lowest (Run 2) modulus
(approx. 17% or 3 s.d.), as well as strength (approx. 7% or 2 s.d.). This suggests that
processing conditions play a significant role in improving both modulus and strength.
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Table 4.2 Modulus and strength results: Banbury rotor
Run Temp rpm time Modulus (MPa) Strength (MPa)Average s.d. % Change Average s.d % Change
Control 180 80 4 768 22 0% 27.9 0.5 0%
1 210 80 4 840 23 9% 29.1 0.5 4%
2 180 30 4 871 9 14% 29.1 0.2 4%
3 180 80 10 895 21 17% 29.8 0.3 7%
4 180 80 10 891 44 16% 29.3 0.6 5%
5 150 130 10 918 27 20% 29.8 0.6 7%
6 210 130 10 831 15 8% 28.2 0.4 1%
7 180 130 16 815 28 6% 28.6 0.5 3%
8 150 30 10 874 16 14% 29.2 0.3 5%
9 180 80 10 891 33 16% 29.3 0.6 5%
10 150 80 16 951 33 24% 30.0 0.6 8%
11 180 30 16 938 25 22% 29.7 0.6 6%
12 210 30 10 918 41 20% 30.0 0.4 8%
13 150 80 4 960 46 25% 30.4 1.0 9%
14 180 130 4 898 39 17% 29.8 0.6 7%
15 210 80 16 875 28 14% 29.7 0.3 6%
Average
1-15 891 42 16% 29.5 0.6 6%
Table 4.2 shows that there is significant improvement in modulus and strength
(approx. 2 s.d.) for most of Banbury samples, except Runs 1, 6, and 7.  The range of modulus
improvement is 6% (Run 7) to 25% (Run 13), while strength is 1% (Run 6) to 9% (Run 13),
which is also a significant difference (approx. 2 s.d.). As discussed above, the differences in
the modulus and strength for some samples show the significant effects of processing
conditions on properties produced with the Banbury rotor. Interestingly, the run conditions
producing the best conditions are different for the Banbury and Roller rotor, and more of the
Banbury samples show significant improvements.
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Table 4.3 Modulus and strength results: Sigma rotor
Run Temp rpm time Modulus (MPa) Strength (MPa)Average s.d % Change Average s.d % Change
Control 180 80 4 754 26 0% 29.6 0.3 0%
1 210 80 4 883 27 17% 29.3 0.5 -1%
2 180 30 4 875 3 16% 29.3 0.5 -1%
3 180 80 10 888 34 18% 30.1 0.9 2%
4 180 80 10 888 37 18% 29.6 0.7 0%
5 150 130 10 853 32 13% 28.4 0.9 -4%
6 210 130 10 884 11 17% 28.5 0.4 -4%
7 180 130 16 808 32 7% 26.6 0.8 -10%
8 150 30 10 928 31 23% 30.5 1.0 3%
9 180 80 10 893 52 18% 30.2 0.6 2%
10 150 80 16 905 40 20% 29.5 0.5 0%
11 180 30 16 941 19 25% 30.0 0.3 1%
12 210 30 10 960 44 27% 31.0 0.8 5%
13 150 80 4 896 19 19% 29.9 0.5 1%
14 180 130 4 868 20 15% 29.6 0.6 0%
15 210 80 16 772 13 2% 28.3 0.8 -4%
Average
1-15 883 47 17% 29.4 1.1 0%
Table 4.3 shows that there is significant improvement in modulus (approx. 2 s.d.) for
most of Sigma samples, except Runs 7 and 15. However, there is no significant improvement
in strength for any of the Sigma samples. The strength decreases for most of the Sigma
samples, and very significant (approx. 3 s.d.) for sample Run 7. This suggests that Sigma
rotor is effective in improving the modulus, but not the strength. The improvement in
modulus suggests that the Sigma rotor produces a number of “small broken clay” particles
and breaks them into thinner layers. These thinner layers are then dispersed into polymer
matrix. However, “the big unbroken clay” particles are still available in the system. These
“big broken clay” particles decrease the strength due to low interfacial bonding with the
polymer. Again the run conditions producing best and worst samples are different to those of
Banbury and Roller samples.
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Table 4.4 Average values of modulus and strength results: all rotors
Rotor Sample Setting (°C,
rpm, min)
Modulus
(MPa)
Change
(%)
Strength
(MPa)
Change
(%)
Roller Control HDPE 180, 30, 4 745 ± 26 0 27.5 ± 0.7 0
Middle point
(run 3, 4, 9)
180, 80, 10 904 ± 20 21 28.9 ± 0.7 5
All Roller
samples
- 828 ± 51 11 28.1 ± 0.8 2
The best sample
(run 3)
180, 80, 10 917 ± 34 23 29.5 ± 0.7 7
Banbury Control HDPE 180, 30, 4 768 ± 22 0 27.9 ± 0.5 0
Middle point
(run 3, 4, 9)
180, 80, 10 892 ± 2 16 29.5 ± 0.3 6
All Banbury
samples
- 891 ± 42 16 29.5 ± 0.6 6
The best sample
(run 13)
150, 80, 4 960 ± 46 25 30.4 ± 1.0 9
Sigma Control HDPE 180, 30, 4 754 ± 28 0 29.6 ± 0.3 0
Middle point
(run 3, 4, 9)
180, 80, 10 890 ± 3 18 30.0 ± 0.3 1
All Sigma
samples
- 883 ± 47 17 29.4 ± 1.1 0
The best sample
(run 12)
210, 30, 10 960 ± 44 27 31.0 ± 0.8 5
Table 4.5 Improvement compared to HDPE Control Modulus and Strength for the 3
mixer rotors
Rotor Modulus
(% improvement)
Strength
(% improvement)
Roller 2 to 23 -3 to 7
Banbury 6 to 25 1 to 9
Sigma 2 to 27 -10 to 5
On average, there is significant improvement in modulus (approx. 2 s.d.) when 2 wt%
clay is added to the PE matrix. Only the Banbury shows a significant improvement in
strength (approx. 2 s.d.). The improvements for individual runs, summarized in Table 4.5,
vary for modulus from 2% to 27%, and for strength -10% to 9%. This shows that individual
runs achieved very significant improvements (more than 3 s.d.) for both modulus and
strength compared to the control.
This modulus improvement is comparable to results obtained in other studies on PE
nanocomposites with 2 wt% filler. A comparison is shown in Figure 4.1. The figure shows
that the modulus improvements in this study are similar to three studies [7, 131, 149] and less
than one study [129]. The large improvements in modulus reported by Livi et al. [129] were
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attributed to use of their own modified clays. The modulus improvements in this research are
also similar to improvements reported in other studies of PE nanocomposites with higher
filler loadings, which range from 15% to 26% [10, 19, 23, 130]. The modulus results suggest
that the mixing undertaken in this study was done effectively. Hence an internal mixer can
produce results comparable to a twin screw extruder, making it a very attractive tool for
research, as it uses less material per batch than a TSE.
The changes in strength found in this study are also within the range of changes
reported in two studies [7, 129], higher than results reported in one study [131], but lower
than results reported in another study [149], all at similar filler loadings. The higher
improvements in strength reported by Sarikhani et al. [149] were attributed to higher
compatibiliser amount. The good strength results also suggest that the mixing undertaken in
this study was done effectively, with minimal presence of agglomerates or degradation.
Figure 4.1 Comparison of modulus improvement in this study with literature [7, 129,
131, 149]
Figure 4.2 Comparison on strength changes at 2 wt% of filler loading [7, 129, 131, 149]
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There are a number of possible causes of the decreases in tensile strength and
relatively small increase in modulus seen in Table 4.5. One cause may be poorly dispersed
particles.  These create stress concentrations [7, 71]. Poorly dispersed particles have lower
aspect ratio and interfacial bonding. These particles also reduce number of sites available for
nucleation and crystallisation rate that is influenced by temperature and time [102]. Another
cause may be material degradation, including hardening of organoclay [184], the collapse of
clay surfactant at high temperature [185], or deactivated PE-g-MA [186], which tend to
reduce filler-matrix interactions. An optimised stabilizer level was used to prevent
degradation [6]; however, some degradation may have occurred at some of the ‘hi’ settings.
4.1.1. Effect of torque on modulus
Figure 4.3 presents torque data for samples prepared with different rotors. The torque
data was recorded at the end of mixing. This torque correlates with shear in the mixing
chamber. The higher the torque the higher the shear generated in the mixing chamber.
Typical torque curves are shown in Figure 4.4. The figure shows that in general, the plateau
torque for the Roller is high, while that for Banbury and Sigma are medium. Interestingly, the
peak torque for the Banbury is relatively low and for the Sigma is high.
Figure 4.3 Comparison of Final Torque for samples processed with different rotors
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Figure 4.4 Typical torque curves for samples prepared with different rotors
Table 4.6 shows the effect of different rotors and shear on modulus. The table shows
that the higher modulus samples produced by the Banbury and Sigma rotors correspond with
low to medium shear. This finding is similar to a PA6/clay nanocomposite study using a TSE,
which found that the best modulus was produced by medium shear intensity configuration
[28]. The lower average modulus for the Roller samples (the high shear rotor) suggests that
the excessive shear or thermal exposure for its samples with long mixing times produces
more degradation than other rotors at the same conditions. This decreases the average
modulus.
Table 4.6 Shear and modulus comparison on samples prepared by different rotors
Rotor Number of
Lobes
Torque
(Nm)
Shear Average Modulus (Runs 1-15)
(MPa)
Roller 3 9.1 ± 2.3 High 828 ± 51
Banbury 2 5.8 ± 1.5 Medium 891 ± 42
Sigma 2 6.7 ± 2.0 Medium 883 ± 47
The dispersion mechanism for each rotor can be inferred from the torque and modulus
relationship shown in Figures 4.4 to 4.6. These figures show that the higher modulus can be
produced either at medium (approx. 6 to 7 Nm) or high torque (approx. 8 to 9 Nm). High
torque correlates with high shear. The low modulus at 6 to 7 Nm torque may be attributed to
onset of the degradation mechanism. Degradation tends to reduce viscosity, hence torque, and
will tend to occur at the end of runs at high temperature for long mixing times. Similarly, the
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modulus decrease at high torque (above 9 Nm) suggests onset of degradation due to high
shear for long mixing times. The high modulus at intermediate torque suggests there is an
optimum torque for diffusion and shear, at a trade-off point where the competition between
these mechanisms competes is minimised.  At very low torque, the very low shear will not be
enough to break the clay, so diffusion must be the dominant mechanism. The high modulus at
very low torque might be due to the diffusion mechanism for runs at medium temperature and
long mixing times.
While the shapes of the modulus/torque curves are similar for the different rotors,
there are some interesting differences. These will be discussed below.
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Figure 4.5 Modulus as a function of Torque for Roller samples
From, Figure 4.5 the highest modulus samples are at high torque, suggesting the effect
of shear is dominant to improve the modulus. The “optimum” shear should be able to break
the clay without degradation (“lo to mid” temperature, “mid to high” speed, and “lo to mid”
mixing time). This is consistent with the best modulus result (917 MPa) produced by Run 3
which was at midpoint processing conditions (180 °C, 80 rpm, 10 minutes) (Table 4.1).
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Figure 4.6 Modulus as a function of torque for Banbury samples
Figure 4.6 shows that the highest modulus is again at higher torque (approx 8 Nm)
suggesting that shear is also dominant for this rotor. This is consistent with the best modulus
result (960 MPa) for Banbury Run 13, which was at lo mid lo processing conditions (150 °C,
80 rpm, 4 minutes) ( Table 4.2).
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Figure 4.7 Modulus as a function of torque for Sigma samples
Figure 4.7 shows that the higher modulus was at low torque (approx. 3-4 Nm)
showing that shear is not dominant for this rotor, so diffusion must be the main contributor.
The “optimum” diffusion mechanism should be able to achieve clay breakage at the opposite
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conditions to shear:  “mid to high” temperature, “lo to mid” speed, and “mid to high” mixing
times. This is consistent with the best modulus result (960 MPa) for Sigma Run 12, which
was at hi lo med processing conditions (210 °C, 30 rpm, 10 minutes) ( Table 4.3).
4.1.2. Coefficient model, p-value, and error calculation
An empirical model for modulus and strength was generated using Minitab software
for each rotor (described in Section 3.4.1). A quadratic trivariate polynomial was generated in
each case. The coefficients and their p-values for factors and interactions are summarized in
Tables 4.7 (for modulus) and 4.8 (for strength). In main factors and quadratic effects, a
positive coefficient means that its effect is to increase the measured property (modulus or
strength), and vice versa for negative values. For factors with interactions, the effect on the
property depends on the combined factors. A negative coefficient means the property
increases, if the interacting factors are set at different levels (e.g. high and low). But, it
decreases the property, if the factors are set at similar conditions (e.g. high and high, or low
and low), and vice versa for the positive coefficients. The more effective factors and
interactions have coefficients with larger magnitudes and lower p-values.
The coefficients that are significant at a 95% confidence level (p≤0.05) and 90%
(p≤0.1) are shaded in the tables for easier reference. The tables show that a number of p-
values are lower than 0.05 and 0.1. This suggests that the DoE was a good design, as it has
achieved significant variation among the various runs.
A comparison of the low p-values in Tables 4.7 and 4.8 shows that the significant
factors for modulus and strength are different for different rotors. This supports the idea that
each rotor promotes dispersion through different mechanisms.
The dependence on the rotor design has not been previously reported. The significant
model terms for modulus and strength are very similar for the Banbury; are more significant
for modulus than strength for the Roller; and vice versa for the Sigma. This further supports
the idea that each rotor promotes dispersion through different mechanisms.
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Table 4.7 Modulus Coefficients and p-values for different rotors
Term
Roller Banbury Sigma
Coefficient p-value Coefficient p-value Coefficient p-value
Constant 904 0.00 892 0.00 890 0.00
Temp (°C) 6.94 0.60
-29.9 0.02 -10.3 0.47
Speed (rpm) -7.82 0.55 -17.4 0.12 -36.2 0.04
Time (min) -5.32 0.68 1.25 0.90 -12.1 0.40
Temp*Temp -28.2 0.18 9.46 0.52 3.79 0.85
Speed*Speed -64.4 0.02 -16.5 0.28 12.8 0.54
Time*Time -41.5 0.07 4.71 0.75 -29.4 0.19
Temp*Speed -7.69 0.67 -32.8 0.06 -0.55 0.98
Temp*Time -44.6 0.05 11.0 0.44 -30.0 0.17
Speed*Time -16.5 0.38 -37.5 0.04 -31.6 0.15
Table 4.8 Strength Coefficients and p-values for different rotors
Term
Roller Banbury Sigma
Coefficient p-value Coefficient p-value Coefficient p-value
Constant 28.9 0.00 29.5 0.00 30.0 0.00
Temp (°C) -0.05 0.82
-0.30 0.03 -0.16 0.41
Speed (rpm) -0.21 0.37 -0.20 0.10 -0.96 0.00
Time (min) -0.38 0.13 -0.05 0.64 -0.45 0.06
Temp*Temp -0.42 0.24 0.17 0.31 0.01 0.98
Speed*Speed -0.51 0.16 -0.33 0.08 -0.38 0.22
Time*Time -0.52 0.16 0.17 0.31 -0.71 0.05
Temp*Speed -0.27 0.40 -0.60 0.01 -0.08 0.77
Temp*Time -0.62 0.10 0.25 0.14 -0.14 0.62
Speed*Time -0.42 0.22 -0.45 0.03 -0.90 0.02
Table 4.7 gives some insight into the dispersion mechanisms in the Roller samples.
The lower p-value for speed*speed (p=0.02) than time*time (p=0.07) suggests that the effect
of shear has a more significant effect on modulus than diffusion.
Table 4.7 also suggests dispersion mechanisms are different in the Banbury and
Sigma samples. For the Banbury, the low p-values for interaction factors involving speed
(temperature*speed=0.06 and speed*time=0.04) suggest that shear is more dominant than
diffusion. Conversely, the high p-values involving speed (temperature*speed=0.98 and
speed*time=0.15) for the Sigma samples suggest that shear has a less significant effect on
modulus.
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Table 4.9 Error between measured and predicted modulus of for samples prepared by
different rotors
Run
Roller Banbury Sigma
Measured Predicted Error Measured Predicted Error Measured Predicted Error
1 897 891 1% 840 864 -3% 883 896 -1%
2 761 795 -5% 871 859 1% 875 890 -2%
3 917 904 1% 895 892 0% 888 890 0%
4 913 904 1% 891 892 0% 888 890 0%
5 777 804 -4% 918 931 -1% 853 881 -3%
6 787 803 -2% 831 805 3% 884 860 3%
7 802 768 4% 815 827 -1% 808 793 2%
8 820 804 2% 874 900 -3% 928 952 -3%
9 881 904 -3% 891 892 0% 893 890 0%
10 860 866 -1% 951 927 2% 905 892 1%
11 808 817 -1% 938 937 0% 941 929 1%
12 861 834 3% 918 906 1% 960 933 3%
13 806 788 2% 960 946 1% 896 856 4%
14 821 812 1% 898 899 0% 868 881 -1%
15 773 791 -2% 875 889 -2% 772 812 -5%
Table 4.10 Prediction error on strength for samples prepared by different rotors
Run
Roller Banbury Sigma
Measured Predicted Error Measured Predicted Error Measured Predicted Error
1 29.1 28.9 1% 29.1 29.3 -1% 29.3 29.7 -1%
2 27.6 28.0 -2% 29.1 29.1 0% 29.3 29.3 0%
3 29.5 28.9 2% 29.8 29.5 1% 30.1 30.0 0%
4 29.1 28.9 1% 29.3 29.5 -1% 29.6 30.0 -1%
5 27.8 28.1 -1% 29.8 30.0 -1% 28.4 28.9 -2%
6 27.2 27.4 -1% 28.2 28.2 0% 28.5 28.4 0%
7 27.3 26.9 2% 28.6 28.6 0% 26.6 26.5 0%
8 28.2 28.0 1% 29.2 29.2 0% 30.5 30.6 0%
9 28.1 28.9 -3% 29.3 29.5 -1% 30.2 30.0 1%
10 28.1 28.3 -1% 30.0 29.8 1% 29.5 29.1 1%
11 28.1 28.1 0% 29.7 29.9 -1% 30.0 30.3 -1%
12 28.7 28.4 1% 30.0 29.8 1% 31.0 30.5 2%
13 28.0 27.8 1% 30.4 30.4 0% 29.9 29.7 1%
14 28.5 28.5 0% 29.8 29.6 1% 29.6 29.3 1%
15 26.7 26.9 1% 29.7 29.7 0% 28.3 28.5 -1%
A comparison of measured values and those predicted by the empirical models are
shown in Tables 4.9 and 4.10 for modulus and strength, respectively. The range of error is
acceptable, as it is less than ±5%, i.e. it is not significant at 2 s.d. This suggests that the model
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is adequate and can be used to predict property values at other process conditions, in
particular, to predict the optimum property values. The errors in experiments are produced by
both the mixing process and measuring the properties, as described in Section 3.6.
(a) Roller (b) Roller
(a) Banbury (b) Banbury
(a) Sigma (b) Sigma
Figure 4.8 Predicted vs measured modulus and strength plots: (a) modulus; (b) strength
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Another approach to assess the adequacy of an empirical model is to analyse outliers
as shown in Figure 4.8 for modulus and strength, respectively. The scatter of the measured
compared to predicted values shows small and randomly distributed errors. This suggests that
there are no outliers and the models fit the measured data reasonably well [157, 165]. The
coefficients of determination, R2, for each model are more than 75%, which also suggests that
the models are adequate. Hence  there is no need to consider other models [178].
Empirical models can be used to predict optimum response values independent of the DoE
boundaries. The model for the Roller rotor identified the optimum settings as 189 °C, 77 rpm,
and 9 minutes with predicted modulus and strength values of 906 MPa and 29.0 MPa
respectively, an improvement of 22% and 5% respectively compared to control. No optimum
was found for the Banbury and Sigma rotors as the models did not converge. This reflects the
limitations of the DoE as the usefulness of the derived models depends on choice of boundary
conditions.
4.1.3. Main effect plots for modulus and strength prepared by different rotors
Main effect plots are useful to visualize the effect of individual factors on the
dependent variable, when the third factor is held at a constant level. The limitations of these
plots are that they do not identify interaction effects, nor do they identify the true optimum, as
in each one factor is constrained to the “mid” level.
Figure 4.9 shows the main effect plots for dependent variables (modulus and strength)
on process conditions for each rotor. The slope of the plot shows the magnitude of the effect
of a factor on the dependent variable: the steeper the slope the greater the effect. In Figure 4.9
A, B, and C correspond to temperature, speed (rpm), and mixing time respectively, while (a)
and (b) are the plots for modulus and strength respectively.
In Figure 4.9 (a and b Roller) there are peaks for each process condition for both
modulus and strength, which suggest that there is an optimum set of conditions for this rotor
within the DoE boundaries, around the medium settings. This suggests that the optimum
conditions for this rotor create medium shear to disperse the clay without degrading the
material. This finding is similar to previous result in polymer nanocomposites [28] with
medium shear intensity equipment. On the other hand, Figure 4.9 (a and b Banbury) shows
the trends with changes in process conditions were mixed. This suggests that there is no
optimum set of conditions for this rotor within the DoE boundaries. Properties were highest
at low temperature, intermediate speed and were not sensitive to mixing time. This suggests
that the Banbury rotor works best when melt viscosity is high, that is, high shear intensity,
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and diffusion has relatively little impact. Similarly, Figure 4.9 (a and b Sigma) shows the
trends were mixed. As for the Banbury there is no optimum set of conditions for the Sigma
rotor within the DoE boundaries. Properties were highest at low temperature and speed, and
intermediate mixing time. This suggests that the Sigma rotor needs longer optimum mixing
time to improve the properties combined with high shear. The significance levels for each
individual factor were given in Tables 4.7 and 4.8K Steep slopes from -1 to 1 in Figure 4.9
correlate with the low p-values for temperature (Banbury) and speed (Sigma).
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Figure 4.9 Main effect plots: (a) modulus; (b) strength
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4.1.4. Contour plots for modulus and strength prepared by different rotors
Contour plots are useful to visualize the effect of interactions between pairs of factors
when the third factor is held at the “mid” level. The limitation of contour plots is they do not
identify the true optimum, as in each plot as two factors are varied, one factor is constrained
to a constant level. Further, the plots can be complex, making interpretation difficult.
Figures 4.9 to 4.11 present the contour plots for modulus at various process settings
for each rotor. As in the previous figure, A, B, and C correspond to the factors temperature,
speed (rpm), and mixing time respectively. Nine sets of plots are shown for each rotor. In
each set two factors are varied and the third factor is kept constant. The nine sets correspond
to setting of A, B, or C at a low, “mid” or high value. Dark green colour shows the highest
modulus and dark blue the lowest. Closer contours indicate that the modulus is more sensitive
to that factor. Concentric circles indicate the highest or lowest property value falls within the
DoE boundaries, and a maximum or minimum property value exists within the DoE
boundary.
The different effects of factors and their interactions in the various samples suggest
there are several mechanisms influencing platelet dispersion, namely shear, diffusion, and
degradation, and these sometimes work together and sometimes work against each other.
Generally platelet dispersion is promoted by high shear [70] (low temperature and high
speed), high diffusion [28] (long times at medium temperatures), and is reduced by clay
surfactant degradation [185] (high temperature or speed for long times).
The contour plots show interactions between factors is complex. The most
straightforward are for the Roller rotor. The plots for the Roller (Figure 4.10) show
concentric circles with close contours and a dark green centre. This indicates that a maximum
modulus value occurs within the DoE boundary.
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Figure 4.10 Contour plots for modulus Roller at various settings
Figure 4.10 (a, d, g) shows that interaction effect between temperature and time
(A*C) which has a p-value of 0.05. That is the best modulus position changes as A and C
change, but it does not change with B.
Figure 4.10 (b, e, h) shows that no significant interaction effects which is consistent
with the high p-values for the interaction factors with speed (B).
Figure 4.10 (c, f, i) shows that as for Figure 4.10 (a, d, g) the interaction effect
between temperature and time (A*C) is significant.
In general, Figure 4.10 shows that the modulus improvement is achieved within the
boundaries conditions for wide variety of processing conditions. The highest modulus for the
Roller rotor is achieved at mid temperature, mid speed and medium mixing time (A=0, B=0
and C=0).
65
B
C
1.00.50.0-0.5-1.0
1.0
0.5
0.0
-0.5
-1.0
A -1
Hold Values
>
–
–
–
–
–
< 880
880 900
900 920
920 940
940 960
960 980
980
Modulus
Contour Plot of Modulus vs C, B
(a) A=-1
A
C
1.00.50.0-0.5-1.0
1.0
0.5
0.0
-0.5
-1.0
B -1
Hold Values
>
–
–
–
–
< 870
870 890
890 910
910 930
930 950
950
Modulus
Contour Plot of Modulus vs C, A
(b) B=-1
A
B
1.00.50.0-0.5-1.0
1.0
0.5
0.0
-0.5
-1.0
C -1
Hold Values
>
–
–
–
–
–
< 850
850 875
875 900
900 925
925 950
950 975
975
Modulus
Contour Plot of Modulus vs B, A
(c) C=-1
B
C
1.00.50.0-0.5-1.0
1.0
0.5
0.0
-0.5
-1.0
A 0
Hold Values
>
–
–
–
–
< 840
840 860
860 880
880 900
900 920
920
Modulus
Contour Plot of Modulus vs C, B
(d) A=0
A
C
1.00.50.0-0.5-1.0
1.0
0.5
0.0
-0.5
-1.0
B 0
Hold Values
>
–
–
–
< 880
880 900
900 920
920 940
940
Modulus
Contour Plot of Modulus vs C, A
(e) B=0
A
B
1.00.50.0-0.5-1.0
1.0
0.5
0.0
-0.5
-1.0
C 0
Hold Values
>
–
–
–
–
–
< 820
820 840
840 860
860 880
880 900
900 920
920
Modulus
Contour Plot of Modulus vs B, A
(f) C=0
B
C
1.00.50.0-0.5-1.0
1.0
0.5
0.0
-0.5
-1.0
A 1
Hold Values
>
–
–
–
–
–
–
< 800
800 825
825 850
850 875
875 900
900 925
925 950
950
Modulus
Contour Plot of Modulus vs C, B
(g) A=1
A
C
1.00.50.0-0.5-1.0
1.0
0.5
0.0
-0.5
-1.0
B 1
Hold Values
>
–
–
–
–
< 800
800 840
840 880
880 920
920 960
960
Modulus
Contour Plot of Modulus vs C, A
(h) B=1
A
B
1.00.50.0-0.5-1.0
1.0
0.5
0.0
-0.5
-1.0
C 1
Hold Values
>
–
–
–
–
–
–
< 800
800 825
825 850
850 875
875 900
900 925
925 950
950
Modulus
Contour Plot of Modulus vs B, A
(i) C=1
Figure 4.11 Contour plots for modulus Banbury at various settings
The Banbury samples show quite different behaviour. Figure 4.11 shows that there is
no best modulus within boundaries conditions. This is consistent with the model discussion in
Section 4.1.2 that the model does not converge for this rotor. It also shows that interaction
effect between temperature and speed (A*B) which has a p-value of 0.06 and speed and time
which has a p-value of 0.04. That is the high and low modulus positions change with all
process conditions.
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Figure 4.12 Contour plots for modulus Sigma at various settings
The Sigma samples show similar behaviour to the Banbury with no maximums.
However, it shows some different behaviour. The high and low moduli positions are more
consistent at different processing conditions. This reflects that none of the interactions are
significant. Later discussion will show that conditions for the maximum modulus for this
rotor are quite similar to the conditions for the highest modulus shown in Figure 4.12 (a).
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Figure 4.13 Contour plots for strength, temperature and speed: at low (a) to (c), mid  (d)
to (f) and high mixing time (g) to (i)
The contour plots for strength prepared by different rotors are shown in Figure 4.13.
Generally, the contour plots for strength are similar to those for modulus. This is consistent
with the similarity in p-values between modulus and strength shown in Tables 4.7 and 4.8K
This is similar mechanism to that of the modulus as expected as the degree of dispersion is
important for both properties [49].
The Banbury and Sigma plots again suggest that optimum process conditions lie
beyond the DoE boundary. The small areas of best strength suggest that use of the process
conditions outside the DoE boundary would produce better tensile strength.
The one exception to similar contours for modulus and strength is Figure 4.13 (c) for
the Sigma rotor. It shows that at short mixing times (C =-1), the maximum strength is
produced with a low temperature and mid speed, opposite to modulus. This is a medium
shear, medium diffusion, and low degradation setting. As shown in Table 4.6, strength had
low p-values for interactions of time*time (p=0.05) and speed*time (p=0.02), while modulus
had no significant interactions. The low temperature increases shear and prevents degradation
but the trade-off is that it inhibits diffusion. Overall this set of conditions appears to be more
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effective at dispersion of the clay layers for strength as the maximum strength is higher than
in Figure 4.13 (f and i). Perhaps this process condition produces less agglomerate, which has
more impact on strength than modulus [7, 187].
4.1.5. Optimisation plots
The ‘optimum’ or best conditions for modulus (within the DoE boundaries) can be
predicted from a model generated by Minitab Response Optimiser and visualized using
optimisation plots. The plots can be used to analyse either one or many responses at the same
time. In this study only one response was optimised. The modulus was chosen as the response
to be optimised as modulus shows more significant improvement than strength within the
range of processing conditions, as discussed in early part in Section 4.1.
If a true optimum value of the response exists inside the DoE boundary, the Response
Optimiser will produce plots similar to Figures 4.14K If the true optimum value of the
response is outside the DoE boundary or does not exist, the process conditions are set to -1 or
1, whichever yields the higher response, and the Response Optimiser will produce plots
similar to Figures 4.15 and 4.16K
Figures 4.14 to 4.16 show the predicted best conditions for each rotor.
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Figure 4.14 Modulus optimisation plots for Roller rotor
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Figure 4.15 Modulus optimisation plots for Banbury rotor
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Figure 4.16 Modulus optimisation plots for Sigma rotor
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The best settings within the DoE boundary are shown in Table 4.11:
Table 4.11 Response optimiser prediction of maximum modulus and best process
settings
Rotor Temp
(°C)
Speed
(rpm)
time
(min)
Modulus
(MPa)
Improvement
compared to
control (%)
Strength
(MPa)
Improvement
compared to
control (%)
Roller 188 77 9 906 22 29.0 5
Banbury 150 130 4 982 28 30.9 11
Sigma 150 30 15 973 29 30.7 4
There are very few results reported for optimisation of process parameters in HDPE
nanocomposites. One study reported that the optimum modulus for  Kaolin clay PP/HDPE
nanocomposites, produced in an internal mixer, was at 160 °C, 50 rpm, 8 minutes, and 2 wt%
of filler, but did not specify the rotor type, compatibilisers, and stabilizers used. These
settings improved the modulus by 39% compared to control [83]. These settings fall within
the range of best settings found in this study. The differences in best conditions suggest the
optimum conditions to maximize properties depend on polymer type and grade, additives,
and rotor type. The addition of stabilizer in this study may also contribute to polymer thermal
stability and particle dispersion [6].
4.1.6. Response optimiser model testing
Additional experiments were conducted to test the accuracy of the Minitab Response
Optimiser predictions for best settings for process conditions. The results are summarized in
Table 4.12 and Table 4.13. There was a good agreement between measured and predicted
values of modulus and strength. The differences were less than ±3σ. In general, measured
modulus and strength were lower than predicted values for all rotors.
Table 4.12 Comparison of predicted and measured modulus
Rotor Setting
(oC, rpm, min)
Average (Run 1-15) Predicted Measured Error
Roller 188; 77; 9 828 ± 51 906 873 ± 41 -4%
Banbury 150, 130, 4 891 ± 42 982 949 ± 26 -4%
Sigma 150, 30, 15 883 ± 47 973 919 ± 20 -6%
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Table 4.13 Comparison of predicted and measured strength
Rotor Setting
(oC, rpm, min)
Average (Run 1-15) Predicted Measured Error
Roller 188; 77; 8 28.1 ± 0.8 29.0 28.7 ± 1.2 -3%
Banbury 150, 130, 4 29.5 ± 0.6 30.9 30.0 ± 0.7 -3%
Sigma 150, 30, 15 29.4 ± 1.1 30.7 31.2 ± 1.4 2%
As expected the optimised sample results are higher than the average values for both
modulus and strength by an average of % (±1 s.d to 2 s.d). This suggests that optimising the
processing conditions is worthwhile, as it is beneficial to improving mechanical properties.
4.1.7. Summary of dispersion mechanisms for different rotors
The analyses discussed above, namely torque, p-values, contour plots, and response
optimiser, were used to infer the dominant mechanism for dispersion for each rotor. These are
summarized in Table 4.14. The table shows that the results from the different analyses are
generally consistent, although there are some slight differences that may be attributed to the
limitations of the various methods.
Torque analysis gives an indication of the shear generated by the rotor in an internal
mixer. In Table 4.14, torque analysis is divided into two categories, namely, range of torque
and the torque that produced the best modulus within the processing boundaries. It shows that
samples produced at various shear levels (low, medium, or high) had improved modulus.
However, torque gives no insight into whether diffusion occurred in the samples.
While p-values do not give any insight into actions of mechanisms, they can be used
to corroborate the interpretations of the contour plots. A strong factor or interaction should
have a low p-value, and vice versa.
Contour plots are useful to visualize the impact of mechanisms for different scenarios.
They give insight into potential mechanisms at different conditions. However, it is difficult to
interpret the plots if the actions or interactions of mechanisms are complex. Contour plots
reveal the dominant mechanisms for each rotor as well as the optimum conditions to produce
the best modulus.
Lastly, the response optimiser reveals the dominant mechanisms at the best or
optimum conditions. However, it neglects other mechanisms that may be acting in the
system, for example, the mechanism that produces the worst property.
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Table 4.14 Summary of outcomes on mechanisms
Analysis Roller Banbury Sigma
Torque (range) High shear (5-14
Nm)
Medium shear (3-9
Nm)
Medium shear (3-9
Nm)
Torque (best modulus) “9” Nm “8” Nm “4” Nm
P-values Quadratic speed and
temperature-time
interaction are
dominant
Single factor of
temperature and
speed interactions
are dominant
Single factor of
speed is dominant.
No interactions
Contour plots The best modulus is
inside the boundaries
The best modulus is
outside the
boundaries. Many
interaction effects.
The best modulus
is outside the
boundaries.
Modulus is more
consistent.
Response optimiser
(“best”)
Medium shear and
Medium diffusion
(188 °C, 77 rpm, 9
mins)
High shear and low
diffusion (150 °C,
130 rpm, 4 mins)
Low shear and high
diffusion (150 °C,
30 rpm, 15 mins)
In general, the dominant mechanisms to improve the modulus in Roller and Banbury
rotor samples is shear, while in the Sigma rotor samples, it is diffusion. The Roller (the high
shear rotor), produces medium to high shear level and medium diffusion for the best modulus
results. The Banbury and Sigma (medium shear rotors) have different mechanism to improve
the modulus. The Banbury produces high shear and low diffusion, while the Sigma produces
high diffusion and low shear.
4.2. Effect of Processing Conditions on Impact Strength
The impact strength was measured on selected samples. Samples were selected from
runs with the best and the worse modulus and tensile strength for each rotor. R, B, and S
represent Roller, Banbury, and Sigma rotor respectively. Table 4.15 and Figure 4.17 show
that addition of clay into the HDPE matrix decreased the impact strength for all samples, by
an average of around 70%. These reductions may be caused by presence of microstructures in
the system that produce stress concentrations [7, 71] or material degradation [185]. Figure
4.17 shows that the impact strengths of run 7 and 15 Roller samples were significantly lower
than another samples (over 3 s.d), with an average decrease compared to control of around
78%. In this case, the longer mixing time (16 minutes) and the combination of either high
temperature and or speed may have led to onset of degradation the material. This is consistent
with the low strength results for these samples, which were -1% and -3% lower than the
control, respectively (Table 4.1).
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Table 4.15 Impact strength of selected samples
Samples Impact Strength (J)
Roller Banbury Sigma
Control 2.10 ± 0.06 2.24 ± 0.07 2.14 ± 0.06
Run 2 0.69 ± 0.04 0.73 ± 0.04 0.68 ± 0.07
Run 3 0.60 ± 0.03 0.63 ± 0.04 0.69 ± 0.02
Run 7 0.49 ± 0.06 0.69 ± 0.06 0.70 ± 0.06
Run 12 0.73 ± 0.06 0.67 ± 0.06 0.69 ± 0.02
Run 13 0.67 ± 0.04 0.69 ± 0.04 0.64 ± 0.04
Run 15 0.46 ± 0.04 0.62 ± 0.04 0.67 ± 0.04
Figure 4.17 Comparison of Impact strength of selected runs for different rotors
Various results have been reported for the effect of nanofiller on impact strength in
PE nanocomposites, depending on filler and compatibiliser level. Some studies reported
improvements, such as a 17% increase with 5 wt% clay and 10 wt% compatibiliser [67], and
a 60% increase with 3 wt% clay and 9 wt% compatibiliser [150], attributed to the use of
elastomeric compatibiliser and  their own modified clay, respectively. Most studies reported
decreases, such as a 8% to 54% decrease with 2 wt% clay [149], a 60% decrease with 1.5
wt% clay [24], and  a 70% decrease with 4wt% clay [8, 10]. Hence the results in this study
are similar to other published reports. It is noteworthy that significant improvements in
impact strength could be achieved by optimising compatibiliser or clay type.
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4.3. Summary
The effects of processing conditions and rotor types on HDPE/clay nanocomposite
mechanical properties were evaluated. Addition of 2 wt% clay improved modulus compared
to a natural PE sample for all rotors for a range of processing conditions. The improvement
was up to 25%. It also improved strength for some samples, but to a lesser extent (up to 9%).
Some samples even had a decrease in tensile strength (down to -10%). Impact strength also
dropped significantly on addition of nanoclay (on average the decrease was 70%). The
decrease in tensile and impact strength suggests that there may be some microstructures in the
system and degradation of material in some samples.
Different mechanisms may influence particle dispersion in nanocomposites, such as
shear, diffusion and degradation. Different processing conditions promote different
mechanisms depending on the rotor. Shear and diffusion may work together in some
conditions, and against each other at others. The results suggest that dispersion in a mixer
using a Roller or Banbury rotor is more dominated by shear, while using a Sigma rotor is
more dominated by a diffusion mechanism.
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CHAPTER 5 EFFECTS OF PROCESSING ON MORPHOLOGY
5.1. Introduction
The previous chapter reported that addition of Cloisite 93A to an HDPE matrix
improved tensile modulus, improved or decreased tensile strength, and decreased impact
strength, depending on processing conditions and rotor design. This chapter discusses the
effect of processing conditions and rotor design on morphology of selected samples.
Environmental Scanning Electron Microscopy (ESEM), Small Angle X-ray Scattering
(SAXS) and Transmission Electron Microscopy (TEM) were used to observe presence of
micro-structures, intercalated and exfoliated clay, respectively. The morphology results were
analysed to assess whether they are consistent with the mechanical properties results.
5.2. Analysis of Microstructures in HDPE/Clay nanocomposites
ESEM was carried out to analyze surface fractures of impact test samples. Selected
samples for each rotor were examined, namely Runs 3, 12, and 13. These samples were
chosen because they had good tensile modulus and tensile strength, and average impact
strength.
Selected images for each run are presented in Table 5.1. A microstructure (or
impression left after pull-out of a microstructure) with thickness up to 20 μm can be observed
in all images. Hence none of the rotors or process settings succeeded in breaking up all the
particles completely. This confirms that the significant decrease in impact strength for all
nanocomposite samples reported in Section 4.2 and the decreases in tensile strength in some
nanocomposite samples reported in Section 4.1 can be attributed to stress concentrations from
microstructures (agglomerates clay particles) [7, 71]. This size of microstructure in PE/clay
composite systems has been reported by other researchers [68, 130]. The microstructure is
more likely produced during nanocomposite processing, but strong aggregates can also be
formed during its synthesis [56]. The manufacturer’s specification for Cloisite® 93A states
that more than 10 wt% of the clay has a particle size more than 13 µm and only 10% less than
2 µm [175]. The agglomerates decrease in size due to shear and heat applied during
processing [88-90]. The smaller agglomerates exfoliate through shear or/and diffusion. The
larger agglomerates tend to remain intact, as they take more shear and time to exfoliate than
the smaller particles [90].
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In summary, the low impact strength and minimal improvement (or decrease) of
tensile strength may be attributed to presence of agglomerates. Agglomerates have low
matrix-filler interaction, hence they cause stress concentrations [7, 71].
Table 5.1 Fracture surfaces of selected samples (high modulus and strength)
Run Roller Banbury Sigma
3
(a) (b) (c)
12
(d) (e) (f)
13
(g) (h) (i)
Energy Dispersive X-ray spectroscopy (EDX) was used to confirm that the
microstructures were agglomerated clay particles. Table 5.2 shows the ESEM image of
selected samples and the elemental spectra of the selected microstructure compared to
Cloisite 93A. The Cloisite 93A spectra shows clay is predominantly composed of Si, O, Al,
Fe, and Mg ions. Si ions are found in tetrahedral formations, while Al, Fe, and Mg ions are
found in octahedral structures in the clay layers [50]. The spectra of the microstructures in the
composite samples are very similar to Cloisite 93A, confirming those particles are
agglomerated layered silicates.
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Table 5.2 Elemental analysis of microstructures using EDX
Sample ESEM Image EDX Spectras
Cloisite
93A
(a) (b)
Roller
Run 13
(c) (d)
Banbury
Run 13
(e) (f)
Sigma
Run 13
(g) (h)
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5.3. Analysis of Nano Structures in HDPE/Clay nanocomposites
ESEM can be used to observe microstructures but resolution is insufficient to observe
nanostructures. In order to analyze its nanostructure, small angle X-ray scattering (SAXS)
and transmission electron microscopy (TEM) were undertaken. SAXS can be used to
examine intercalated structures and to calculate interlayer distances. TEM can be used to
observe exfoliated or delaminated clay structures by spatial analysis. Similar to the
microstructure analysis discussed in Section 5.2, only selected samples were analysed for
nanostructure, chosen for their high modulus.  This property is particularly sensitive to
nanostructure.
5.3.1. Nanocomposite Structures Analysis using Small Angle X-Ray Scattering
SAXS diffractograms are shown in Figure 5.1 for selected samples. The figure shows
that each nanocomposite sample has a peak close to the Cloisite 93A. Presence of a peak
shows that there are agglomerated or intercalated particles (or both) in the nanocomposites.
The peaks of nanocomposites are less distinct than Cloisite 93A because of the dilution effect
of mixing 2% filler in polymer.
There is a slight shift of the peak to smaller angles for most nanocomposite samples
compared to Cloisite 93. This shows that at least some of the particles are intercalated. An
increasing intensity of the shoulder region at lowest angles suggests some exfoliated structure
in the system.
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(a) Roller (b) Run 3
(c) Banbury (d) Run 12
(e) Sigma (f) Run 13
Figure 5.1 SAXS diffractograms for samples prepared by different conditions
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Table 5.3 D-spacing and modulus for selected samples
Sample Run Settings (°C,
rpm, min)
2θ-Peak
(°)
d-spacing
(nm)
Average
(±s.d)
(nm)
Modulus
(MPa)
Cloisite 93A 3.7 2.4
Roller
3 180, 80, 10 3.6 2.4
2.5 (±0.2)
917 ± 34
12 210, 30, 10 3.6 2.5 861 ± 35
13 150, 80, 4 3.3 2.7 806 ± 51
Banbury
3 180, 80, 10 3.5 2.5
2.6 (±0.1)
895 ± 21
12 210, 30, 10 3.4 2.6 918 ± 41
13 150, 80, 4 3.5 2.6 960 ± 46
Sigma
3 180, 80, 10 3.3 2.6
2.7 (±0.2)
888 ± 34
12 210, 30, 10 3.5 2.5 960 ± 44
13 150, 80, 4 3.1 2.9 896 ± 19
Average 3.4 ± 0.2 2.6 ± 0.1
Table 5.3 shows the results for d-spacing calculations. Run process conditions and
modulus are also given, for comparison. There are slight differences between the d-spacing of
the samples produced by the different rotor, but these are not significant at 1 s.d. The
intercalated clay is obtained with average d-spacing for all selected nanocomposite samples is
about 2.6 ± 0.1 nm. This is a small but significant improvement (at 2 s.d) of the
nanocomposites compared to Cloisite 93A. No other PE nanocomposite studies have reported
d-spacings of samples produced with different rotors.
The range of improvement in this study (0 – 0.5 nm) is similar to other studies using
internal mixers. One study of HDPE/clay nanocomposite produced with 3 wt% of MMT and
15 wt% of compatibilizer reported 0.4 nm increase [134]. Other studies with different clay
types (MMT and Cloisite 20A) and content (1 – 7 wt% and 2 – 6 wt%), as well as higher
compatibilizer level (7 wt% and 6 – 18 wt%)  reported 0.3 – 0.8 nm and 0.1 – 0.4 nm
increases respectively [23, 131].
The range of improvement in this study is also similar to some studies in HDPE/clay
nanocomposites using TSE. One study produced with 5 wt% of Cloisite 20A reported 0.2 –
0.7 nm increase [17]. Another study produced with different clay types (Cloisite 15A, Na+,
and Nanofil 5) and content (2.5 – 5 wt%), as well as various compatibilizer level (2, 5, and 10
wt%)  reported 0.3 – 0.5 nm increases [19]. However, two studies produced with 5 and 7 wt%
of Cloisite 20A and Nanobioter, respectively, reported that there is no improvement on d-
spacing [24, 25]. This was attributed to surfactant degradation. No other PE nanocomposite
studies have compared the d-spacing of samples produced with extruders and internal mixers.
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Improvements in modulus do not correlate with d-spacing (R2 = 0.07). Similar results
were reported in other studies, for PE/clay nanocomposites [67], EVA/clay nanocomposites
[188], and PA6/clay nanocomposites [132]. Two studies reported modulus improvement in
PE nanocomposites despite the absence of an intercalated structure [24, 25]. This was
attributed to d-spacing not being representative of the whole complexity of the nano- and
micro-structure present in a nanocomposite:  such as, dispersion of agglomerates [25, 35, 70].
These results suggest that the improvements in modulus are more influenced by exfoliated
than intercalated clay. Further work was done using TEM, which is discussed in the next
section.
The average d-spacing for each run is shown in Figure 5.2. Interestingly, this shows
there was a significant effect of processing conditions. This suggests that low temperatures
and short times – that is, high shear – has been more effective at increasing intercalation in
these samples than diffusion. No other PE nanocomposite studies have reported d-spacing as
a function of process conditions.
Figure 5.2 Effect processing conditions on the d-spacing
5.3.2. Nanocomposite Structures Analysis using Transmission Electron Microscopy
TEM analysis was carried out with a mixed qualitative/quantitative approach. The
general characteristics of each micrograph were observed, and then the particle thickness was
measured for 5 images per sample with Gatan Digital Micrograph software. Images without
agglomerates (particles over 100 nm) were selected for quantitative analysis, to maximize the
number of exfoliated or intercalated structures in the image, thus improving accuracy.  The
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distribution of particle thicknesses was then compared for different rotors and processing
conditions.
In order to distinguish between exfoliated and intercalated structures, the particle
thicknesses were divided into 2 (two) groups. All particles with thicknesses less than 10 nm
are considered to have an exfoliated structure (that is, a single or double layer), while 10 to
30 nm are considered to be intercalated (that is, several layers). There were very few thicker
particles as images without agglomerates were chosen for analysis.
Figure 5.3 shows that all samples have a range of particle thicknesses, with
measurements ranging from 1 to 30 nm. This indicates a hybrid structure with some
exfoliated and intercalated structures. These TEM micrographs confirm the SAXS results
discussed in Section 5.3.1, which indicated there are both exfoliated and intercalated
structures in these nanocomposite systems. Due to random clay position in polymer matrix,
different position of sample preparation in SAXS may change the peak intensity, but the d-
spacing and curve shape is expected to be similar.
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Run Roller Banbury Sigma
3
d-spacing
(nm)
Modulus
(MPa)
d-spacing
(nm)
Modulus
(MPa)
d-spacing
(nm)
Modulus
(MPa)
2.4 917 ± 34 2.5 895 ± 21 2.6 888 ± 34
12
d-spacing
(nm)
Modulus
(MPa)
d-spacing
(nm)
Modulus
(MPa)
d-spacing
(nm)
Modulus
(MPa)
2.5 861 ± 35 2.6 918 ± 41 2.5 960 ± 44
13
d-spacing
(nm)
Modulus
(MPa)
d-spacing
(nm)
Modulus
(MPa)
d-spacing
(nm)
Modulus
(MPa)
2.7 806 ± 51 2.6 960 ± 46 2.9 896 ± 19
Figure 5.3 TEM images analysis of selected samples
Figure 5.4 shows the distribution of particle sizes. Two hypothetical “pure’ samples –
fully exfoliated and fully agglomerated – are also shown for comparison. If a fully exfoliated
structure was obtained, the sample would have a very high number of thin particles (< 10
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nm). On the other hand, if a fully agglomerated structure was obtained, the sample would not
have any exfoliated or intercalated particles (<30 nm).
Figure 5.4 Particles thickness distribution for selected samples
Figure 5.4 shows that all samples have particles between 0 and 30 nm thick – that is,
all samples have exfoliated or intercalated structures. The Banbury sample run 13 has a
higher number of thinner particles than other samples. It was produced at high shear and low
diffusion settings (150 °C, 80 rpm, and 4 minutes). Interestingly, this setting produced the
least number of thinner particles in the Roller sample run 13. This further suggests that
different dispersion mechanisms occur when different rotors are used, as discussed in Chapter
4.
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Figure 5.5 Correlation of exfoliated and intercalated structure with modulus
Figure 5.5 shows the average number of exfoliated and intercalated particles plotted
against modulus for selected samples. R2 was 87% for samples with a predominantly
exfoliated structure, and 33% for a predominantly intercalated structure. The higher the
number of exfoliated particles in the system, the higher the modulus, as they have higher
aspect ratio [21, 24, 58]. The less effect of intercalated structure on the modulus (R2 = 33%)
confirms the modulus and d-spacing relationship discussed in Section 5.3.1. Studies on
nanocomposites consistently show higher modulus improvement with an exfoliated than an
intercalated structure, including HDPE nanocomposites [24, 25].
Figure 5.6 shows modulus and number of particles in terms of processing conditions
and dispersion mechanism. Run 3 (180 °C, 80 rpm, and 10 minutes) represents medium shear
and medium diffusion settings, Run 12 (210 °C, 30 rpm, and 10 minutes) represents low
shear and high diffusion settings, and Run 13 (150 °C, 80 rpm, and 4 minutes) represents
high shear and low diffusion settings (see Section 4.1).
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(a)
(b)
(c)
Figure 5.6 Number of exfoliated particles and modulus in terms of process conditions:
(a) Roller), (b) Banbury, and (c) Sigma
Figure 5.6 shows that different process settings produce the highest number of
exfoliated particles (and highest modulus) for different rotors. This analysis further suggests
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that there are different dispersion mechanisms produced by different rotors. For the Roller
samples, the highest number of exfoliated particles was produced in run 3 (Roller-3) with
medium shear and medium diffusion. For the Banbury, the highest number was produced in
run 13 (Banbury-13), with high shear and low diffusion. For the Sigma, the highest number
was produced in run 12 (Sigma-12), with low shear and high diffusion. These findings are
consistent with the mechanisms deduced from mechanical property analysis discussed in
Chapter 4.
5.4. Summary
Evaluation of the effect of different processing conditions and rotor types on HDPE
nanocomposite morphology showed all conditions and rotors produced exfoliated and
intercalated structures, as well as microstructures (agglomerates).
A comparison of modulus and morphology found a strong positive correlation, as
expected, between the number of exfoliated particles and the modulus. Modulus is influenced
by exfoliated more than intercalated structures as the aspect ratio is higher.
Different dispersion mechanisms produce the best morphology and modulus in each
rotor. Medium shear and medium diffusion produces the best results for the Roller, high shear
and low diffusion for the Banbury, and low shear and high diffusion for the Sigma rotor.
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK
6.1. Conclusions
The effect of processing conditions on HDPE/clay nanocomposites was done. Some
conclusions drawn from this study are given below.
 All rotors produce HDPE/clay nanocomposites with improved properties.
o The addition of 2 wt% organoclay and 5 wt% compatibiliser significantly
improves the modulus of HPDE nanocomposites prepared in an internal
mixer using different processing condition and rotor types, by an average of
15% compared to the natural HDPE. The largest improvements in modulus
were 23%, 25%, and 27%, for samples prepared at best conditions with the
Roller, Banbury, and Sigma rotor respectively. These significant increases
indicate that a particle structure with high aspect ratio was produced during
processing.
o Improvement in tensile strength depends on the absence of microstructures
(agglomerates). The change in strength depends on process conditions and
rotor. The worst results were for the Sigma rotor (-10% to 5% change
compared to pure HDPE). This suggests that more and/or larger
microstructures are left in the melt by the Sigma than the Roller (-3% to
7%) or Banbury (1% to 9%) rotors. Microstructures create stress
concentrations.
o The addition of clay to HDPE decreases impact strength. This also suggests
the presence of microstructures. The worst results were found for the Roller
rotor, attributed to polymer degradation.
 Processing conditions correlate with mechanical properties of HDPE
nanocomposites. The effect on mechanical properties depends on the rotor as there
is a complex interplay of dispersion mechanisms, including shear (at low
temperatures and high speeds), diffusion (at long times), and material degradation
(at high temperature and long times).
 Optimum or best conditions depend strongly on rotor type. Medium settings are
optimal for the Roller rotor. The optimum settings for Banbury and Sigma rotors
are beyond the boundaries used in this study. The best modulus results for the
Banbury are at low temperature, high speed and low time (high shear), while
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Sigma are at low temperature, low speed and long time (high diffusion). Use of
optimum or best process conditions yields significant improvement in modulus for
all three rotors, up to 27%, and a small improvement in strength, up to 10%, for the
Banbury rotor only. The Banbury rotor is recommended as the best rotor, as it
produces similar impact and better modulus and strength than the other rotors.  Its
best process conditions are low energy (low temperatures) and high productivity
(short mixing times). This is attractive commercially, generating both economic
and environmental benefits.
 Particle dispersion is influenced by shear, diffusion, or degradation mechanisms
that may work together or against each. The processing conditions to produce the
best mechanical properties and morphology need to be adjusted, depending on the
rotor type and the dispersion mechanisms promoted during mixing.
 Each rotor has different optimum processing conditions, different significant
factors in the empirical models of modulus, and differences in the d-spacing and
number of thin particles produced at low temperature conditions. Together these
results indicate that different dispersion mechanisms are promoted by each rotor at
different conditions to produce the best mechanical properties. Two dispersion
mechanisms promote exfoliation: shear (at low temperatures and high speeds) and
diffusion (at high temperatures and long times). Higher numbers of exfoliated
particles are produced when the process conditions are optimized for each rotor.
Overall, an internal mixer is a useful laboratory scale equipment to evaluate the
influence of process variables and equipment design on nanocomposite properties. Design of
experiments can be used to estimate the maximum properties that can be achieved and the
optimum process conditions for different equipment designs.
6.2. Recommendations for Further Work
The outcomes from this research study show there is a need for further work on the
following issues:
 The optimum conditions for the Banbury and Sigma rotors were not found inside
the processing boundaries used in this study. Further work should be undertaken,
with wider boundaries, to identify the optimum settings for these rotors. A better
understanding of influence of rotor design on optimum processing conditions
would assist with development of optimized nanocomposite properties.
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 The impact strength of the HDPE nanocomposites produced in this study was poor.
Further work is needed to improve the impact strength of HDPE nanocomposites.
Some suggestions to improve this property are by controlling particle size variation
or clay modification.
 This study focused on process variables rather than formulation, as many studies
have been undertaken on formulation. However, both process and material
composition (especially filler/compatibiliser level and ratio) should be optimized to
minimize the cost and environmental impact. Hence further work on formulation –
in conjunction with process variables – is recommended.
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APPENDIX
Appendix 1 : Surface fracture analysis on Run 3
Roller Banbury Sigma
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Appendix 2 : Surface fracture analysis on Run 12
Roller Banbury Sigma
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Appendix 3 : Surface fracture analysis on Run 13
Roller Banbury Sigma
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Appendix 4 : Images Analysis on Run 3
Image Roller Banbury Sigma
1
2
3
4
5
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Number of particle in samples Roller Run 3
Thickness
(nm)
Image
1
Image
2
Image
3
Image
4
Image
5 Total Average s.d
< 2 1 2 0 0 0 3 1 1
< 4 6 7 6 3 3 25 5 2
< 6 11 14 9 3 5 42 8 4
< 8 14 17 10 4 6 51 10 5
< 10 18 17 10 7 7 59 12 5
< 20 20 20 11 8 12 71 14 5
< 30 21 20 12 8 13 74 15 6
< 100 21 21 12 8 13 75 15 6
Number of particle in samples Banbury Run 3
Thickness
(nm)
Image
1
Image
2
Image
3
Image
4
Image
5 Total Average s.d
< 2 6 0 8 0 0 14 3 4
< 4 10 1 8 2 4 25 5 4
< 6 12 3 11 4 5 35 7 4
< 8 12 4 12 5 8 41 8 4
< 10 12 5 13 7 8 45 9 3
< 20 16 11 18 9 12 66 13 4
< 30 17 14 19 11 12 73 15 3
< 100 17 16 20 11 13 77 15 4
Number of particle in samples Sigma Run 3
Thickness
(nm)
Image
1
Image
2
Image
3
Image
4
Image
5 Total Average s.d
< 2 0 2 0 2 0 4 1 1
< 4 2 9 2 7 5 25 5 3
< 6 4 10 2 10 10 36 7 4
< 8 5 14 6 12 11 48 10 4
< 10 5 14 8 12 13 52 10 4
< 20 5 18 12 16 13 64 13 5
< 30 8 19 14 17 13 71 14 4
< 100 9 19 15 17 13 73 15 4
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Appendix 5 : Images Analysis on Run 12
Image Roller Banbury Sigma
1
2
3
4
5
114
Number of particle in samples Roller Run 12
Thickness
(nm)
Image
1
Image
2
Image
3
Image
4
Image
5 Total Average s.d
< 2 3 0 0 0 2 5 1 1
< 4 10 1 0 0 6 17 3 4
< 6 11 4 4 0 9 28 6 4
< 8 12 5 4 2 12 35 7 5
< 10 12 9 4 3 14 42 8 5
< 20 14 14 7 5 15 55 11 5
< 30 14 17 9 9 16 65 13 4
< 100 14 17 11 10 16 68 14 3
Number of particle in samples Banbury Run 12
Thickness
(nm)
Image
1
Image
2
Image
3
Image
4
Image
5 Total Average s.d
< 2 1 0 1 1 2 5 1 1
< 4 7 6 4 8 5 30 6 2
< 6 7 8 5 10 9 39 8 2
< 8 8 8 7 14 10 47 9 3
< 10 8 8 8 15 10 49 10 3
< 20 8 9 10 16 11 54 11 3
< 30 8 9 10 16 12 55 11 3
< 100 9 9 10 16 12 56 11 3
Number of particle in samples Sigma Run 12
Thickness
(nm)
Image
1
Image
2
Image
3
Image
4
Image
5 Total Average s.d
< 2 2 1 1 1 0 5 1 1
< 4 6 4 5 6 8 29 6 1
< 6 7 7 8 7 11 40 8 2
< 8 8 9 10 10 15 52 10 3
< 10 9 13 11 10 17 60 12 3
< 20 9 16 12 15 21 73 15 5
< 30 9 16 15 15 21 76 15 4
< 100 9 19 15 15 21 79 16 5
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Appendix 6 : Images Analysis on Run 13
Image Roller Banbury Sigma
1
2
3
4
5
116
Number of particle in samples Roller Run 13
Thickness
(nm)
Image
1
Image
2
Image
3
Image
4
Image
5 Total Average s.d
< 2 0 1 1 0 0 2 0 1
< 4 0 5 2 2 4 13 3 2
< 6 1 6 6 4 4 21 4 2
< 8 3 7 6 4 4 24 5 2
< 10 6 8 7 4 6 31 6 1
< 20 13 12 15 5 14 59 12 4
< 30 13 13 18 6 19 69 14 5
< 100 14 18 19 6 20 77 15 6
Number of particle in samples Banbury Run 13
Thickness
(nm)
Image
1
Image
2
Image
3
Image
4
Image
5 Total Average s.d
< 2 0 1 1 0 0 2 0 1
< 4 0 5 2 2 4 13 3 2
< 6 1 6 6 4 4 21 4 2
< 8 3 7 6 4 4 24 5 2
< 10 22 5 9 19 13 68 14 7
< 20 23 9 13 25 13 83 17 7
< 30 23 11 15 25 13 87 17 6
< 100 23 13 18 26 13 93 19 6
Number of particle in samples Sigma Run 13
Thickness
(nm)
Image
1
Image
2
Image
3
Image
4
Image
5 Total Average s.d
< 2 4 1 2 2 1 10 2 1
< 4 7 8 3 5 1 24 5 3
< 6 9 13 7 7 3 39 8 4
< 8 11 14 7 10 3 45 9 4
< 10 11 15 7 14 5 52 10 4
< 20 12 17 10 14 14 67 13 3
< 30 12 18 10 14 14 68 14 3
< 100 12 18 10 14 14 68 14 3
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Appendix 7 : Total Number of Particle at Various Thickness
Sample Number of particles Modulus(MPa)<10 nm <20 nm <30 nm
Roller-3 12 14 15 917
Roller-12 8 11 13 861
Roller-13 6 12 14 806
Banbury-3 9 13 15 895
Banbury-12 10 11 11 918
Banbury-13 14 17 17 960
Sigma-3 10 13 14 888
Sigma-12 12 15 15 960
Sigma-13 10 13 14 896
